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INTRODUCTION:

The long-term objective of this study is to determine the role that regulators of cellular
microtubules such as Mitotic Centromere-associated Kinesin (MCAK) and Op18/stathmin
(stathmin) play in the development of breast cancer. Elevated levels of MCAK and stathmin
have been detected in proliferative breast cancers (1). Alterations in the levels of these
modulators of microtubule dynamics can lead to aneuploidy (chromosome gain or loss) and also
to changes in the metastatic potential of cancer cells (2,3,4,5). Specifically, we plan to correlate
elevated levels or decreased levels of MCAK or Stathmin with immortalization, aneuploidy and
proliferative potential. It is likely that changes in the expression levels or activity of MCAK
and/or stathmin are involved in the escape from cell cycle checkpoint control (which is
exquisitely sensitive to microtubule polymer dynamics) and the acquisition of unrestrained
growth potential. Additionally, we have uncovered a regulatory pathway (see sections 1 and 2)
that has to potential to regulate the activity of these proteins without changing protein levels.
MCAK, Op18/stathmin and their modulators may serve as diagnostic indicators of tumor
potential or as targets for therapeutic drug intervention.

RESEARCH ACCOMPLISHMENTS:
1. MCAK ’s activity is regulated by Aurora B kinase.

Aurora B kinase is an important regulator of microtubule attachment to the kinetochore (6) and
Aurora kinases are also implicated in many cancers including breast cancer (7). We have
discovered that Aurora B is able to phosphorylate MCAK at three locations within the primary
sequence. Importantly for this project, Op18/Stathmin is also regulated by Aurora B (R. Heald,
Univ. of California, personal communication). Thus we have uncovered an essential second
messenger for the regulation of microtubule dynamics in normal and transformed cells.
Furthermore, this represents the first report that phosphorylation of a kinesin can modulate it’s
ATP-dependent activity. The details of this study are included in the manuscript by Andrews et
al included in the APPENDIX. This manuscript has been favorably received by Developmental
Cell and is now in final revision.

This key discovery opens up a new area to study the regulation of microtubule dynamics via
phosphorylation. Because we have vast experience in studying modulation of microtubules by
MCAK and Op18/stathmin we were able to quickly establish a link between Aurora activity and
microtubule regulation. We have previously shown that the positive electrostatic potential of the
MCAK neck is essential for depolymerizing activity (8, reprint included in Appendix). One of
the sites that we have identified in collaboration with Paul Andrews and Jason Swedlow
(University of Dundee) is in the neck of MCAK. We hypothesize that a negatively charged
phosphate group on the neck would inactivate MCAK. We mutated the known phosphorylation
sites to A (unphosphorylatable) and E (mimic phosphorylated state) and used our in vivo
depolymerization assay (described in DOD Annual Report number 1) to measure the extent of
depolymerization. We found that phosphorylation does indeed inactivate MCAK. This study
indicates that a balance of kinase and phosphatase activity are required to regulate MCAK’s
activity at the kinetochore and also globally (see Section 2).




2. Increasing the level of cytoplasmic phosphatase activity increases microtubule turnover.

The most likely phosphatases that would activate MCAK activity are those that oppose Aurora
kinases. Two classes of these phosphatases are Protein Phosphatase 1 gamma (PP1y) and also
Protein Phosphatase 2c (PP2c). Because PP1y is associated with the kinetochore (9) we prepared
a CFP-PP1y construct for expression in CHO cells. Overexpression of this construct decreases
the amount of microtubule polymer in CHO cells. This effect is not seen when a CFP-PP1YHA
(phosphatase-dead) version of PP1y is overexpressed. We will use 2-D gel electrophoresis in
order to determine whether this is due to dephosphorylation of MCAK, Op18/stathmin or both
and also measure the effect of this response on the tubulin autoregulatory system (see Annual
Report number 1 and Statement of Work, III). Inclusion of the kinase/phosphatase pathways that
regulate MCAK and Op18/stathmin into our long-term goals is essential because many useful
anti-cancer pharmaceuticals may be designed to target these regulators and thus affect
microtubule dynamics (10). Furthermore, alterations in kinase and phosphatase activity may
affect microtubule dynamics and lead to anti-cancer drug resistance (11). '

3. The C-terminus of MCAK negatively regulates MCAK activity.

In addition to regulation by phosphorylation we previously reported that deletion of 5 amino
acids from the C-terminus of MCAK significantly increases its microtubule depolymerization
activity (manuscript by Moore and Wordeman included in APPENDIX). We have determined,
mechanistically, that this occurs by increasing the efficiency with which MCAK targets
microtubule ends. This is an important result because it defines an alternate regulatory domain of
MCAK. Mutations affecting this domain could increase MCAK activity within cells leading to
aneuploidy and facilitating cancer progression. This manuscript is ready for submission to J. Cell
Biology.

4, Preparation of an inducible cell line for MCAK expression.

Previously, we reported that we were changing to a proteomic approach to facilitate our
Correlative Study (Statement of Work, I). This entails assaying genes pre-determined to be
important for cancer progression for response to changes in MCAK expression. This does not
change the original purpose of Statement of Work (I) which is to correlate changes in MCAK
and stathmin levels with the transformed phenotype and will provide more information in that we
will know exactly which cancer-related genes are affected by changes in levels of the
microtubule depolymerizing enzymes. As described in Annual Report number 1, we used the
pTRE-2 inducible expression vector to produce a cell line that expresses MCAK to controlled
levels in response to doxycycline withdrawal. We have completed the first stage of this project,
which is the successful production of an inducible CHO AA8 cell line (Figure 1). We are
presently constructing the inducible GFP-stathmin cell line now. These cell lines will be used to
prepare biotin-labeled cDNA to screen GEArray™ membranes. Control cDNA will be prepared
from untransfected cells although transfected cells cultured for 48 hours in doxycycline can also
be used. This cDNA will be used to probe three gene expression profiles using GEArray Q
Series membranes (SuperArray). Mouse genes will be used with the hamster cDNA. The screen
and cancer arrays to be used were described in detail in Annual Report 1. We have no plans to




deviate from this described screen. We will also duplicate the studies in human cells and the
HMEC cell model as previously outlined.

GFP-MCAK icrotubules - . s ‘. 5. Application of RNAI to control

MCAK and Opl8/stathmin
4 levels.

We have begun to use RNAi to
reduce MCAK levels in cultured

+Doxycycline | ' ' . -
e —— 2 BN cclls. We report preliminary

success with some of our selected
regions of the gene. This
technique is considerably less
toxic than lowering MCAK levels
| with antisense oligos. Once we
have decided which region is
most efficacious in depleting

thure 1. Inducible stable CHO AA8 cells expressing MCAK protein we will prepare
modest levels of GFP-MCAK in response to doxycycline an expression construct which
withdrawal. GFP-MCAK associates with centromeres in  will allow us to bombard our
mitotic cells (inset). L. Wordeman. unpublished. cells with high levels of RNAi

over time. We also plan to

prepare co-expressing RNAI constructs for the simultaneous down regulation of both MCAK and
Op18/stathmin. This gentler technique will be much more amenable to delicate cell lines such as
the HMEC cells. This represents a slight technical deviation from our Statement of Work (IL
'Experimental Analysis) but represents technological improvements that have occurred since this
study was proposed. We have previously shown that MCAK responds to changes in
Op18/stathmin levels (Annual Report 1). The use of RNAi to modulate the levels of these
proteins will be a key technique to confirm and extend those data.

KEY RESEARCH ACCOMPLISHMENTS:

Determination that phosphorylation of MCAK by Aurora B inactivates MCAK activity.
This important kinase is implicated in cancer progression.

Confirmation that MCAK is a major substrate of Aurora B in vivo. These two major
discoveries are described in the manuscript (Andrews et al.) included in the APPENDIX.
Mathematical modeling and assays in vitro indicate that five amino acids at the C-
terminus of MCAK reduce the efficiency of microtubule depolymerization by inhibiting
ATP-dependent biased diffusional motility. This could contribute to the regulation of
MCAK activity in vivo. Moore and Wordeman, APPENDIX.

Determination that the electrostatic potential of the neck of MCAK is essential for
depolymerization activity. These data serve as the basis for the inactivation of MCAK by
kinases and the reactivation by phosphatase activity. Published in the Journal of Cell
Biology and cited by Faculty of 1000. Reprint included in APPENDIX (Ovechkina et
al.). _

Modulation of MCAK activity by RNAi.




* Preparation of cell line for a biomolecular screen which will identify cancer-related genes
that respond to changes in MCAK and Op18/stathmin protein levels.

e Discovery that increased phosphatase activity results in a decrease in microtubule
polymer in interphase cells.

REPORTABLE OUTCOMES:

o Abstract: Era of Hope Meeting: Regulation of Mitotic Centromere-associated Kinesin
(MCAK). A. T. Moore and L. Wordeman.

o Abstract: American Association for Cell Biology Annual Meeting. K-loop insertion
restores microtubule depolymerizing activity of a “neckless” MCAK mutant. Mol. Biol.
Cell 2002 13:322a.

o Science in Medicine Lecture: Order from Chaos: Microtubule dynamics and
Chromosome Segregation.

e Publication: K-loop insertion rescues depolymerizing activity of a “neckless” MCAK
mutant. 2002. Y. Ovechkina, M. Wagenbach and L. Wordeman. J. Cell Biol. 159:557-
562. '

* Publication: Unconventional Motoring: An overview of the Kin C and Kin I kinesins.
2003, Traffic 4:367-375.

CONCLUSIONS:

We have shown that MCAK activity is regulated by the important mitotic kinase Aurora B. This
represents a groundbreaking discovery within the kinesin field. This discovery also has immense
implications within the cancer field. Changes in Aurora kinase levels had already been reported
in the literature to be diagnostic for certain proliferative tumors and Aurora kinases are a key
target for anti-cancer therapeutics. Because we have shown that Aurora negatively regulates
MCAK activity drugs that inactivate Aurora might antagonize the effect of drugs such as
paclitaxel. This is because active MCAK can antagonize the effect of paclitaxel (Annual Report
1). The regulation of MCAK activity by Aurora B kinase represents part of our genomic analysis
of genes that control MCAK, was facilitated by a productive collaboration. However, we have
also made significant progress toward correlating MCAK and Opl18/stathmin levels with
microtubule response and immortalization (Statement of Work II, III). In this year we have spent
time refining techniques (RNAi) and building reagents (inducible cell lines) in order to confirm
and extend our initial results on the interplay between MCAK and Op18/stathmin and the role
that this has in immortalization and tumor progression.
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APPENDIX:

1-Era of Hope Abstract 2002 (Moore and Wordeman). C-term. regulation of MCAK.

2-ASCB Abstract 2002 (Ovechkina, Wagenbach and Wordeman) Contribution of Neck domain
to MCAK depolymerization activity reported here.

3-Reprint (Ovechkina, Wagenbach and Wordeman) Forms basis for regulation by
phosphorylation of the Neck domain of MCAK.

4-Reprint (Ovechkina and Wordeman). Review of Kin I kinesins.

5-Seminar notice (Wordeman) Discusses the biology underlying microtubule dynamics
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REGULATION OF THE ACTIVITY OF MITOTIC
CENTROMERE-ASSOCIATED KINESIN (MCAK)

Ayana T. Moore and Linda Wordeman, Ph.D.

Department of Physiology and Biophysics, University of
Washington, Seattle, WA 98195

worde@u.washington.edu

Mitotic centromere-associated kinesin (MCAK) is a protein which is required for the proper
segregation of chromosomes during cell division. Overexpression of MCAK disrupts
microtubules and leads to aberrant mitotic spindle assembly. Depletion of MCAK protein
levels leads to lagging chromosomes during anaphase and aneuploidy. MCAK has been
identified as a protein which shows high levels of expression in proliferative breast cancer
tumors.

Rather than transporting cargo along assembled microtubule polymer like most kinesin
family proteins, MCAK depolymerizes microtubules. In this way MCAK influences the
dynamic behavior of microtubules in the cell. Some chemotherapeutic drugs may also
function, in part, to alter the dynamic properties of microtubules. Because MCAK is
required to ensure the correct ploidy in daughter cells during cell division and also because
MCAK influences the dynamic behavior of microtubules it is essential to determine how
MCAK activity in the cell is regulated.

We have identified three types of MCAK regulation that occurs in mammalian cells; (i)
structural regulation, (ii) posttranslational regulation and (iii) tubulin-linked regulation. In
the first case we have determined that the final five amino acids at the extreme C-terminus
of the protein inhibits the microtubule depolymerizing activity of MCAK. Premature
truncation or other alterations in C-term. structure could produce overactive MCAK protein
which would adversely affect cellular microtubules. In the second case, we have linked
MCAK to the ubiquitin conjugating enzyme system. Posttranslational modification of
MCAK by ubiquitin may target the protein for degradation or for localization to specific
regions of the cell. Finally, we have found that the tubulin autoregulatory system responds
to the level of MCAK protein in the cell. The level of tubulin polymer in the cell determines
how much tubulin dimer is synthesized by that cell so that the ratio of polymer to dimer
remains constant. We have found that when the level of MCAK changes within the cell, the
tubulin autoregulatory system responds accordingly. This suggests that MCAK levels are
critical for microtubule function and incates that MCAK may be a suitable marker for early
stages of cancer or as a target for cancer therapy.

The U.S. Army Medical Research and Materiel Command under DAMD17-01-1-0450 supported this work.
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( K-loop insertion resfmm mlcromhule depolymermng acﬁmty of a
“peckless” MCAK mutant
Y. Y. Ovechkina, M. Wagenbach, L. Wordeman Depanment of Phy§1ology and
onphysncs Umvcrsny of Washmgton, Seattlc WA
While most kmesms use 'ATP energy to' translocate along ‘the surfacc of
mxcrotubules ‘Mitotic Ccnﬁ:omcm Associated Kinesin (MCAK) and 1ts homologs
depolymerize microtubules from either’end (Maney et 4l. 2001, JBC, 276: 34753,
Nledcrsu‘asser et dl. 2002 T Mol Blo'l 31_6'817 Moores et all 2002 ‘Mol Cell
moule kmesms have a hlgh afﬁmty for the mlcrotubulc lattx;e MCAK bas a
catalytic motor domam that is conscrved throughout the kinesin superfamﬂy The
motor domain is preceded by the “neck’ aommn which is hxgh.ly conservcd within
the KIN I. subfaxmly but very dxyergent from the rest of the kinesin-related
proteins. The neck domain ‘'of the motile kmesms is important for d1rect10nahty
and processivity of the A‘I’P—hydrolyzmg motor domain. Using an in vivo
microtubule depolymenmtxon éssay, we  found that deletions and alanine
substitutions of highly conserved positively charged residues in the MCAK
“neck” domain’ sxgmﬁcnnﬁy reduced microtubule depolymenzanon activity.
Furthermore, when we subsututed the neck domain with the positively charged
KIFiA K—loop (known for its ablllty to interact with the negatively charged C-
terminus of tubulin and promote diffusion along microtubules), we found that the
resulting chimera displayed fully réstored depolymerization activity. We propose
that the neck, analogously to the K-loop, may interact electrostatically with the
negatively charged microtubule lattice to diffuse MCAK along the microtubules
toward their ends where MCAK-mediated depolymerization occurs. -
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K-loop insertion restores microtubule depolymerizing
activity of a “neckless” MCAK mutant

Yulia Ovechkina, Michael Wagenbach, and Linda Wordeman

Department of Physiology and Biophysics, University of Washington School of Medicine, Seattle, WA 98195

kinesin (MCAK) does not translocate along the surface

of microtubules (MTs), but instead depolymerizes
them. Among the motile kinesins, refinements that are
unique for specific cellular functions, such as directionality
and processivity, are under the control of a “neck” domain
adjacent to the ATP-hydrolyzing motor domain. Despite its
apparent lack of motility, MCAK also contains a neck domain.
We found that deletions and alanine substitutions of highly
conserved positively charged residues in the MCAK neck

l ,nlike most kinesins, mitotic centromere-associated

domain significantly reduced MT depolymerization activity.
Furthermore, substitution of MCAK’s neck domain with either
the positively charged KIF1A K-loop or poly-lysine rescues
the loss of MT-depolymerizing activity observed in the
neckless MCAK mutant. We propose that the neck, analo-
gously to the K-loop, interacts electrostatically with the
tubulin COOH terminus to permit diffusional translocation
of MCAK along the surface of MTs. This weak-binding inter-
action may also play an important role in processivity of
MCAK-induced MT depolymerization.

Introduction

Members of the kinesin superfamily transport cargo along
the surface of microtubules (MTs)* using the power of an
ATP-hydrolyzing motor domain (Goldstein and Philp,
1999; Woehlke and Schliwa, 2000). Mitotic centromere—
associated kinesin (MCAK) is a member of the Kin I subfamily
of kinesin-related proteins that shares high homology within
the motor domain with other members of the kinesin supér-
family (Wordeman and Mitchison, 1995; Vale and Fletterick,
1997). However, although most kinesins translocate along
the surface of MTs, MCAK and its homologues depolymerize
MTs from either end (Walczak et al., 1996; Desai et al.,
1999; Hunter and Wordeman, 2000; Kinoshita et al., 2001;
Maney et al., 2001). Kinetic analysis suggests that processivity
and diffusional motility may contribute to MCAK’’s rapid
rate of MT depolymerization (unpublished data). The novel
ability to modulate MT dynamics suggests that these kinesins
may be important contributors to cell cycle progression
(Zhai et al., 1996) and tumorgenesis (Lakshmi et al., 1993).
The direction of transport and the affinity for MTs are
molecular refinements that adapt motile kinesins for specific
céllular functions within the realm of intracellular transport,
Address correspondence to Linda Wordeman, Dept. of Physiology and
Biophysics, University of Washington, 1959 NE Pacific St., Box 357290,
Seattle, WA 98195-7290. Tel.: (206) 543-4135. Fax: (206) 685-0619.
E-mail: worde@u.washington.edu
*Abbreviations used in this paper: FL, full-length; MCAK, mltotlc

" centromere-associated kinesin; MT, microtubule.

Key words: Kin I; XKCM1; kinesins; processivity; diffusional motility

© The Rockefeller University Press, 0021-9525/2002/11/557/6 $5.00

cell division, and MT dynamics (Goldstein and Philp, 1999;
Woehlke and Schliwa, 2000). The “neck” domain, a region
adjacent to the motor domain (head), is responsible for con-
ferring directionality and processivity to the core motor domain

" (Case et al,, 1997; Henningsen and Schliwa, 1997; Endow

and Waligora, 1998; Romberg et al., 1998). MCAK’s neck
domain is highly conserved within the Kin I subfamily, but
is very divergent from other kinesin-related proteins (Vale
and Fletterick, 1997; Maney et al., 2001). A truncated
MCAK protein, consisting of the neck domain (A182-D246)
plus the core motor domain (P247-E581), shows MT depoly-
rerization activity similar to that of the full-length (FL)
MCAK (Maney et al., 2001). However, the neck itself does
not possess depolymerizing activity (Maney et al., 1998), nor
does it confer depolymerization activity to a motile kinesin
because a chimera consisting of the MCAK neck fused to the
motor domain of a conventional kinesin (KJF5B) exhibits
no MT depolymerization activity when expressed in cultured
cells (Maney et al., 2001). Finally, the neck domain is not
involved in dimerization because the A182-E581 fragment
of MCAK, which includes the neck, is a monomer (Maney
et al., 2001). What, then, is the role of the neck domain in
thie MT depolymerization activity of MCAK?

The electrostatic interactions between a positively charged
neck domain and the negatively charged COOH terminus
of tubulin have been shown to be important for the processivity
of conventional kinesins. The addition of positive charges to
the neck of a conventional kinesin increases its processivity

by perhaps tethering the kinesin near the MT surface

The Journal of Cell Biology, Volume 159, Number 4, November 25, 2002 557-562
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Figure 1. The structural analysis of the MCAK A
neck. (A) Sequence alignment of the neck domain

of seven Kin | kinesins: CgMCAK, C. griseus (residues AR 182
A182-D246; GenBank/EMBL/DDBJ accession no. :;ll;‘; gi

U11790); HsMCAK, Homo sapiens (GenBank/
EMBL/DDBJ accession no. U63743); RnKRP2, Rattus
norvegicus (GenBank/EMBL/DDB]J accession no.
U44979); XKCM1, Xenopus laevis (GenBank/
EMBL/DDB]J accession no. U36485); HsKIF2,
Homo sapiens (GenBank/EMBL/DDB]J accession
no. CAA69621); MmKIF2, Mus musculus (GenBank/
EMBL/DDB]J accession no. D12644); XKIF2, X. laevis o

xoa 192
EsKIP2 12§
MKIP2 125
IXIF2 152

A182

8232

D246

(GenBank/EMBL/DDBJ accession no. U36486). Identical residues are shaded in black, similar ones are shaded in gray. The 64-amino acid
neck domain sequences are 50% identical and 75% similar. The + symbols indicate highly conserved positively charged amino acids in the
neck domain. The arrows show residues that were substituted for alanine. The borders of deletions in the neck domain are indicated by flanking
residue numbers above the neck alignment. (B) Two sides of a helical diagram of a highly charged hydrophilic helix (residues R183-Q215)
found in the CgMCAK neck. Positively charged amino acids are white, negatively charged residues are black, and the other residues are gray.

(Thorn et al., 2000). Similarly, the positively charged K-loop
in the motor domain of the KIF1 single-headed kinesin pro-
vides a flexible attachment site for binding to MTs in the
weakly bound state (Okada and Hirokawa, 2000; Rogers et
al., 2001). Given the high percentage of positively charged
amino acids in the MCAK neck region and their strong con-
servation among Kin I kinesins (Fig. 1 A), it is reasonable to
suggest that the neck might be anchoring MCAK to MTs.
Here, we used mutational analysis and chimeras to test
whether the MCAK neck functions as an electrostatic tether.
We found that although the removal of positive charges
from the neck region significantly diminished the MT depo-
lymerization activity of MCAK, the insertion of the posi-

tively charged K-loop into “neckless” MCAK completely re-

stored its MT depolymerization activity. We propose that
the neck, analogous to the K-loop, may interact electro-
statically with the negatively charged MT lattice. This in-
teraction may serve to target MCAK to MT ends by diffu-
sional motility. The weak electrostatic interaction between
- MCAK’s neck and MT ends may also play an important role
in processivity of MCAK-induced MT depolymerization. .

Results and discussion

Quantitation of MT depolymerization activity in vivo
To estimate the effect of the deletions in the MCAK neck
domain on the MT depolymerization activity, we devised a
quantitative in vivo MT depolymerization assay. In brief,
EGFP-MCAK fusion constructs were transfected into cul-
‘tured cells, fikéd, and stained for tubulin (Fig. 2). Digital
images were acquired using a cooled CCD camera. The
transfected cells chosen for quantitation displayed similar
EGFP-MCAK fusion protein expression levels (Figs. 3 and
4). The average pixel intensity (the mean gray value) over
the entire cellular area was measuréd and corrected for non-
cellular background. Cells transfected with a control EGFP
construct showed normal levels of MT polymer and were as-
signed an MT polymer value of 100%. EGFP-transfected
cells displayed a mean tubulin fluorescence value of 1,902
gray-scale units, which represented the sum of free tubulin
and MT polymer fluorescence (Fig. 3 A). Expression of FL
MCAK resulted in the loss of all MTs at the analyzed level
of expression with only a lightly stained background of un-
polymerized tubulin remaining (Fig. 2 D, arrow). Such cells

showed a mean tubulin fluorescence value of 734 gray-scale
units, which was designated as 0% of the MT polymer (Fig.
3 A). Consequently, the mean intensity of tubulin fluores-
cence in the FL MCAK-transfected cells was less than half
of that in the EGFP-transfected cells.

The low level of free (unpolymerized) tubulin seen in cells
transfected with FL MCAK might be a result of a tubulin au-
toregulation mechanism. Increasing the concentration of
free tubulin by depolymerizing MTs with MT-destabilizing
drugs, e.g., nocodazole, leads to a rapid decrease in the level
of tubulin mRNAs and an eventual decrease in the unassem-
bled tubulin level (Cleveland et al., 1981; Gonzalez-Garay
and Cabral, 1996). Similar to MCAK-mediated MT depoly-
merization, we found that treatment with a low concentra-
tion of nocodazole (1 pM) for 12 h produced cells with a low

A A182-D218 MCAK

Figure 2. Depolymerization of MTs by MCAK and MCAK mutants.
(A-C) EGFP fluorescence, (D-F) tubulin staining of the same cells.
A cell transfected with full-length (FL) MCAK (A and D) displays a
loss of MT polymer and low intensity unpolymerized tubulin staining

=larrow). A cell transfected with the neckless MCAK mutant (B and E;
A A182-D218 MCAK) exhibits a normal network of cytoplasmic
MTs (arrowhead) as a consequence of the significantly decreased
MT depolymerization activity of neckless MCAK. (C and F) Cells
transfected with the A182-K-loop-D218 MCAK construct, the K-loop
insertion into the neckless A A182-D218 MCAK mutant. The insertion
of the KIF1A K-loop (NKNKKKKK) into the neckless MCAK restores
the MT depolymerization activity to the level of FL MCAK. Arrow in
F illustrates a cell with MT polymer loss similar to that in FL MCAK~- .
transfected cells (D, arrow). All panels are the same magnification.
Bar, 10 pm.
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Figure 3. Removal of positive charges
in the neck domain significantly reduced
MT depolymerization activity of MCAK.
(A) The effect of deletions in the neck
jregion..Each A symbol represents a
deletion of the MCAK neck region with
borders indicated by flanking amino
acid numbers. (B) The effect of alanine
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Figure 4. Insertion of KIF1A K-loop
into the neckless MCAK fully restores
MT depolymerization activity. y and x
axis categories are the same as described
in Fig. 3 legend. Error bars are SDs.
A182-K-loop-D218 MCAK represents
cells transfected with the KiF1A K-loop
insertion into the neckless MCAK
mutant, A182-NKNKKKKK-D218 MCAK.
Asterisks label two samples, FL MCAK
and A182-K-loop-D218 MCAK, whose
means are statistically similar (P = 0.92)
to each other as determined using the
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intensity free-tubulin background and no MTs. The mean
tubulin fluorescence intensity of these cells was 798 * 169
gray-scale units (# = 88) as determined by the in vivo depo-
lymerization assay described in this report. The mean tubulin
intensity of cells treated with 1 wM nocodazole for 15 min
was 1,645 % 189 (n = 41). These cells displayed almost no
MT polymer and bright free-tubulin staining due to the fact
that 15 min was not long enough for autoregulation to take
place and decrease the level of free tubulin. Nontreated cells
with a normal network of cytoplasmic MTs showed the
mean tubulin intensity equal to 1,870 * 301 (» = 77).

The removal of positive charges from the neck domain

dramatically reduced MT depolymerization activity

of MCAK

As expected from previous studies (Maney et al., 2001), cells
transfected with neckless MCAK (A A182-D246) displayed
a normal MT network. The mean tubulin fluorescence of
the A A182-D246 MCAK mutant was similar to that of the
EGFP control and equaled 1,825 gray-scale units (Fig. 3 A).
Cells transfected with MCAK mutants containing progres-
sively smaller deletions in the neck domain, A A182-E232
and A A182-D218 (Fig. 2 E, arrowhead), also showed nor-
mal levels of MT polymer that were similar to that of the
EGFP-transfected cells (Fig. 3 A). Hence, these neckless
MCAK mutants exhibited severely impaired MT depoly-
merization activity. Smaller deletions in the neck region (A
A182-E201 and A E201-D218) diminished MT depoly-
merization activity to a lesser degree. (Fig. 3 A). Next, we
performed alanine substitutions of thehighly conserved pos-
itively charged residues in the neck domain (Fig. 1, arrows)
to test whether the loss of positive charges in this region af-
fects the depolymerization activity of MCAK. Alanine sub-
stitutions of 3—4 positively charged amino acids resulted in
some reduction of MT depolymerization activity (more than
50% of MTs were depolymerized in the transfected cells).
Substitutions of 7 to 10 amino acids resulted in much
greater inhibition of the depolymerization activity (<20%
of MT's were depolymerized; Fig. 3 B). Therefore, the total

% of MT]
|;°er 100| | 101 | 3}

ttest. The percentage of MT polymer left
in the transfected cells is indicated.

[JEGFP 1 Tubulin

sum of removed positive charges was of greater importance
than the positions of the substituted residues.

In summary, we identified A A182-D218 as the smallest
neck deletion that would reduce MT depolymerizing activity
to the level of the EGFP control (Fig. 3 A). This region con-
tains 13 (36%) positively charged residues and 7 (19%) neg-
atively charged residues (Fig. 1). The net charge of A182-
D218 region is positive and equals +6. Alanine substitutions
of only 7 positive residues rendered the net charge of A182-
D218 segment negative and resulted in greatly diminished
MT depolymerization activity (Fig. 3 B). The A182-D218
region contains a highly charged hydrophilic helix (resi-
dues R183-Q215) as predicted by SSpro2 server (http://
promoter.ics.uci.edu/BRNN-PRED [Baldi et al., 1999]). The
helical wheel representation of this helix shows that the posi-
tively charged residues lie mostly on one side of the helix,
whereas the opposite side contains most of the negatively

charged residues found in this neck region (Fig. 1 B).

KIF1A K-loop insertion into neckless MCAK rescues MT -
depolymerization activity

We have shown that elimination of the positive charges in
the MCAK neck region, A182-D218, either by deletions or
alanine substitutions inhibits MT depolymerization activity
of MCAK. Conversely, Niederstrasser et al. (2002) showed
that the interaction between the COOH terminus of tubu-
lin (C-hook) and MCAK is required for MT depolymeriza-
tion because subtilisin cleavage of the C-hook abolishes
depolymerization of MTs by the MCAK homologue,

- XKCM1. Furthermore, Okada and Hirokawa (2000) have

shown that the positively charged K-loop of KIF1A interacts
with the negatively charged C-hook and serves as an electro-
static tether to support the diffusion of KIF1A along MT
protofilament. The positively charged neck of MCAK might
interact with the negatively charged C-hook of tubulin anal-
ogously to the KIF1A K-loop. We tested this hypothesis by
insérting the K-loop of KIF1A into the MT depolymeriza-
tion deficient neckless MCAK. We found that MCAK
with the A182-D218 neck segment replaced by the KIF1A
K-loop, NKNKKKKK, (abbreviated as A182-K-loop-D218
MCAK) depolymerized MTs with the same efficiency as FL
MCAK (Figs. 2 F and 4). Moreover, mitotic cells transfected
with the A182-NKNKKKKK-D218 MCAK mutant dis-
played the same mitotic defects (unpublished data) de-
scribed for overexpression of FL MCAK, namely bundling
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and depolymerization of spindle MTs, which in turn re-

sulted in prometaphase arrest and an elevated mitotic index
in transfected cells (Maney et al., 1998). 7

None of the MCAK mutations described in this report in-
terfered with centromere or centrosome binding. The nuclear/
cytoplasmic localization of the mutants was identical to that
of wild-type FL MCAK (unpublished data). All MCAK mu-
tants showed the ability to bind MTs in vivo when cells were
extracted before fixation in the absence of nucleotide (unpub-
lished data) in 2 manner identical to FL MCAK (Maney et al.,
1998). This implies that all mutated MCAKSs were functional
proteins with motor domains able to bind MT lattice in the
nucleotide-free state, similar to conventional kinesins.

"In vitro MT depolymerization activity

of MCAK neck mutants

The rescue of the MT depolymerization—deficient neckless
MCAK by K-loop insertion suggests that the MCAK neck is
affecting the interactions between motor and MTs rather
than regulating the depolymerization activity. To test this
hypothesis further, we replicated our depolymerization as-
says in vitro. We expressed and purified the following pro-
teins: core motor plus neck (A182-S583); core motor plus
alanine-substituted neck (A182-Ala-S583 with substituted
residues indicated by arrows in Fig. 1 A); core motor plus
truncated neck (D218-S583); core motor plus K-loop in
substitution for the neck (A182-K-loop-D218-5583); core
motor plus poly-lysine (5K) in substitution for the neck
(A182-5K-D218-5583); and core motor domain of MCAK
(I253-S583; Fig. 5 A). The purified proteins were added to
the taxol-stabilized MTs and were incubated at 24 * 1°C
for 10 min in the presence of 1 mM ATP. The depolymer-
ization of tubulin polymer was measured as the percentage
of tubulin released in the supernatant after subtraction of tu-
bulin in supernatant of the no-motor control reaction and
normalizing the supernatant and pellet fractions. Fig. 5 B
shows the supernatants and pellets of the in vitro depoly-
merization reactions containing 100 nM active motor pro-
teins and 1,500 nM taxol MTs. Although the core motor
plus neck (A182-S583) depolymerizes 92 % 4% of tubulin
polymer, the core motor plus alanine-substituted neck,
A182-Ala-$583 depolymerized only 10 * 4% of tubulin
polymer (Fig. 5 B). The truncated neck plus core motor
(D218-5583) lacks the positively charged helix found in the
FL neck (Fig. 1 B). This protein depolymerized only 13 %
5% of tubulin polymer. Therefore, removal of positive
‘charges from the neck either by alanine substitutions or de-
letions dramatically suppresses the MT depolymerization ac-
tivity of this kinesin, but does not eliminate it completely in
vitro. Although analogous neckless MCAK mutants (A
A182-D246, A A182-E232, and-A A182-D218) expressed
to high levels in vivo displayed no detectable depolymeriza-
tion activity (Fig. 2 E, 3A), in corroboration with our in
vitro data, extremely high levels of expression showed a
slightly disassembled MT network (unpublished data).

Also, we substituted the positively charged helix found
in the A182-D218 region of CgMCAK neck (Fig. 1 B)
with the positively charged K-loop of KIF1A by linking the
K-loop to the NH, terminus of truncated neck plus core
motor construct, D218-5583. This construct exhibited five-

A
A182 1253 : $583
A182-5583 necl or
A182 1253 $583
A182-Ala a-necl motor
-8583
D218 1253 5583
D218-S583 [CneckT motor_ ]
D218 _ 1253 §583
A182- A-NKNKKKKK-[ neck motor ]
K-loop-
D219-8583
D218 1253 $583
A182-5K- A-KKKKK-[ neck]| _motor ]
D219-S583
) 1253 $583
1253-S583 motor
B

60 mM KCI in BRB64"
At82-  Al82-
Nomotor A182- A182- D218- Keoop 5K-  1253-
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Figure 5. Depolymerization activity of MCAK mutants in vitro.
(A) Diagram illustrating the truncated MCAK mutants used for in
vitro depolymerization assays: core motor plus neck (A182-5583);
core motor plus alanine-substituted neck (A182-Ala-5583 with
R183, R184, K185, K198, R199, K202, R203, R210, K212, and
R213 substituted to alanine); core motor plus truncated neck
(D218-5583); core motor plus K-loop (NKNKKKKK) in substitution
for the neck (A182-K-loop-D218-5583); core motor plus poly-L-lysine
(KKKKK) in substitution for the neck (A182-5K-D218-5583); and
core motor (1253-5583). B compares the depolymerization activity
of the truncated MCAK mutants described above. C compares the
depolymerization activity of the core motor plus neck (A182-5583)
and the core motor domain of MCAK (1253-5583) in 60 mM KCl,
BRB20 versus 7 mM KCl, BRB20. For both B and C, the percentage
of tubulin in the supernatant of no-motor control reactions was
subtracted from the percentage of tubulin in supernatant of the
motor-containing reactions. The numbers are percentages of tubulin
released in supernatant of the motor-containing reactions. The average

= of at least three experiments = SD is shown for each supernatant
““fraction. In each case, the top band on the gel is tubulin and the

bottom band is the added motor. In all assays, 100 nM of active
motor protein was added to 1,500 nM taxol-stabilized MTs in the
presence of 1 mM ATP. *Refer to Materials and methods for exact
buffer composition. ‘

fold-increased depolymerization activity over D218-5583
(Fig. 5 B). However, although the K-loop rescues the depo-
lymerization activity of the neckless murant 100% in vivo
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(Fig. 4), it rescues only 75% of the depolymerization activity
of D218-A182 construct in vitro (Fig. 5 B). Therefore, the
MCAK neck plus motor (A182-5583) is still the most opti-
mal construct for MT depolymerization, which might be one
of the reasons why it is so highly conserved. It is likely that
the K-loop rescues the depolymerization activity because it
contains positively charged residues. We have further con-
firmed that charge is an important functional property of the
neck by constructing the poly-lysine mutant, A182-KKKKK-
D218-5583 (abbreviated as A182-5K-D218-S583), which
contains poly-lysine peptide instead of K-loop in place of
A182-D218 neck region. Fig. 5 B shows that the poly-lysine
peptide substitution rescues the depolymerization activity of
D218-5583, but to a lesser degree than the K-loop substitu-
tion, perhaps due to fewer positive charges found in the poly-
lysine peptide (+5) than in K-loop (+6).

The rescue of the MT depolymerization—deficient neck-
less MCAK by K-loop insertion suggests that the MCAK
neck might function analogously to the K-loop. The K-loop
of KIF1A mediates diffusional motility (Okada and Hi-
rokawa, 2000; Rogers et al., 2001). Similarly, we propose
that the neck of MCAK may support diffusional motility to
transport MCAK along the MT protofilament toward MT
ends where Kin I-mediated MT depolymerization occurs
(Desai et al., 1999). The neck of MCAK may also use diffu-
sional motility to confer accelerated kinetics or processivity
to the core motor domain (unpublished data).

Moores et al. (2002) have clearly shown that a conserved
core motor domain of a Plasmodium falciparum Kin I kine-
sin (pKinl) can disassemble MTs. However, the assay condi-
tions (extremely low ionic strength) were chosen to maxi-
mize electrostatic interactions. Maximizing the electrostatic
interactions and raising the stoichiometry of Kin I/tubulin
(=1:10) obviates the need for processivity or diffusional mo-
tility despite the fact that it is essential for depolymerization
under physiological conditions. We have duplicated the low
ionic strength conditions used by Moores et al. (2002). The
decrease in salt concentration from 60 to 7 mM KCl in
BRB20 buffer produced a twofold increase of tubulin poly-
mer depolymerized by the core motor (Fig. 5 C). This shows
that the core motor of MCAK (I1253-S583) is also a definite
but enfeebled depolymerizer. Direct comparison of the neck
plus motor (A182-§583) with the conserved core motor
(1253-S583) shows that the neck plus motor is a tremen-
dously more effective depolymerizer than the core motor
(Fig. 5, B and C).

In summary, we demonstrated that deletions or alanine
substitutions of positively charged residues of A182-D218
neck region drastically reduced the MT depolymerization
activity. Insertion of the positively charged KIF1A K-loop or
poly-lysine rescued the neckless MCAK mutants. We pro-
pose that the neck acts as an electrostatic tether. This elec-
trostatic tether may increase the rate of MT depolymeriza-
tion by either increasing the on-rate of MCAK to MT ends
(perhaps by mediating diffusional motility) or decreasing the

. off-rate of MCAK from MTs (perhaps by conferring proces-

sivity to the core motor domain; unpublished data). The
data presented here do not allow us to distinguish between
diffusional targeting and processivity. Mediation of diffu-

sional targeting and processivity are two distinct and not
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mutually exclusive hypotheses for the contribution of the
neck to the MT depolymerization activity of MCAK.

Materials and methods

Constructs

pTRE2-EGFP-CgMCAK was made by the subcloning of Nhel-BspEl EGFP
cDNA fragment (from pEGFP-C1; CLONTECH Laboratories, Inc.) and the
BspEl-Notl Cricetulus griseus MCAK cDNA fragment (from pOPRSVICAT-
GFP-MCAK; Maney et al., 1998) into the pTRE2 vector (CLONTECH Lab-
oratories, Inc.) digested with Nhel and Notl. The gene expression level
controlled by TRE promoter is similar to the high expression levels in the
traditional CMV promoter—driven systems (Yin et al., 1996). The deletion,
alanine substitution, and K-loop insertion constructs were prepared by
overlap PCR using specially designed mutagenic primers and PfuTurbo®
DNA polymerase (Stratagene). The mutations were confirmed by DNA se-
quencing. Constructs for bacterially expressed proteins were made by am-
plifying the coding sequences of MCAK mutants from the constructs in -
PTRE2 vector with PfuTurbo® DNA polymerase (Stratagene), and then sub-
cloning the resulting fragments into pET-28a+ (Novagen) digested with
Nco1l and Not1.

Cell transfection and immunofluorescence

CHO AA8 Tet-Off™ cells (CLONTECH Laboratories, Inc.) were grown in
90% oMEM, 10% FBS, and 100 pg/ml G418 at 37°C, 5% CO,. 1 d before
transfection, cells were plated onto 12-mm coverslips at low density (2 X
10* cells/cm?). Transfections were done with ExGen 500 transfection re-
agent (MBI Fermentas). Cells were cultured for 24 h after transfection and
fixed with 1% PFA in precooled methanol for 10 min. The cells were then
incubated with mouse anti-tubulin DM1« (Sigma-Aldrich) at 1:50 dilution
for 1 h and Texas red anti-mouse antibodies (Jackson ImmunoResearch
Laboratories) at 1:100 dilution in PBS plus 0.1% Triton X-100 and 1% BSA
for 1 h. Cells were washed with PBS, stained with DAPI, and mounted in
Vectashield® mounting medium (Vector Laboratories). Analysis was done
with a microscope (model FX-A; Nikon) equipped with 60X/1.4 NA Plan
Apo oil objective. The digital images were acquired with a cooled CCD
camera (SenSys; Photometrics) controlled by QED camera software (QED
Imaging, Inc.).

Quantitation of MT depolymerization activity in vivo

To quantify the microtubule (MT) depolymerization activity, we collected
digital images of the transfected cells at the same exposure for each set of
GFP and MT images and below saturation level of the camera (the 4,096
gray-value maximum). All images were saved as 12-bit TIFF images for
quantification by NIH Image 1.62 software and Microsoft Excel. Mean
EGFP or tubulin fluorescence intensities over the entire cellular area were
measured as the average gray value within the area. Mean fluorescence
over the cell-free area in each image was subtracted from mean fluores-
cence over the cellular area to correct for background fluorescence. All
analyzed cells were in interphase and were free of aggregates of overex-
pressed protein. 20-90 transfected cells were measured for each construct
with >500 cells quantified overall. To quantify the MT polymer left in the
transfected cells, we assigned an MT polymer value of 0% to the cells
transfected with full-length (FL) MCAK, which displayed no MTs and a
mean tubulin fluorescence intensity equal to 734 gray-scale units. Similar
to nontransfected cells, EGFP-transfected cells showed normal levels of
MT polymer, which was given a 100% value. The mean tubulin fluores-
cence of EGFP-transfected cells was equal to 1,902 gray-scale units. To
quantify the percentage of MT polymer left in the cells transfected with
mutant MCAK constructs, we used the following formula: {{(the mean tu-
bulin fluorescence intensity of mutant-transfected cells — 734)/1,168) X

_ 100%} where 1168 is the difference between EGFP control and FL. MCAK

mean gray values.

In vitro MT depolymerization assays

The bacterially expressed COOH-terminally 6his-tagged proteins were pu-
rified as described in Maney et al. (2001). The active motor concentration
was determined as the concentration of nucleotide-binding sites because
there is one ATP-binding site per each monomeric motor protein analyzed
in this study in vitro. The concentration of nucleotide-binding sites was
measured radiometrically as described by Coy et al. (1999). The depoly-
merization of taxol-stabilized MTs, polymerized from bovine tubulin (Cy-
toskeleton, Inc.), was performed as described in Maney et al. (2001). In
brief, for the assay shown in Fig. 5 A, 100 nM of the active motor proteins
in 20 pl of the elution buffer (250 mM imidazole, pH 7.0, 300 mM KCl,
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0.2 mM MgCl;, 0.01 mM Mg-ATP, 1 mM DTT, and 20% glycerol) was
mixed with 1,500 nM taxol-stabilized MTs in 80 pl of BRB8O (80 mM
Pipes, pH 6.8, 1 mM EGTA, and 1 mM MgCl), 12.5 pM taxol, 1 mM DTT,
and 1.25 mM Mg-ATP incubated at 24 = 1°C for 10 min, and then centri-
fuged at 30 psi for 10 min. For the assay shown in Fig. 5 B, 100 nM of the
active motor proteins in 2.3 u! of the elution buffer was mixed with 1,500
nM taxol-stabilized MTs in 97.7 .l of BRB20 (20 mM Pipes, pH 6.8, 1 mM
EGTA, and TmM MgCl,), 10.2 pM taxol, 1 mM DTT, 10 pg/ml BSA, and
1.02 mM Mg-ATP with or without addition of KCI up to'60 mM, incubated
at 24 = 1°C for 10 min, and then centrifuged at 30 psi for 10 min. Super-
natants and pellets were assayed for the presence of tubulin on Coomassie-
stained SDS-polyacrylamide gels (Novex). Gels were calibrated and quan-
tified using NIH Image 1.62 software. The percentage of tubulin in the
supernatant of no-motor control reactions was subtracted from the per-
centage of tubulin in supernatant of the motor-containing reactions. The
percentages of tubulin released in supernatant of the motor-containing re-
actions were then normalized with the percentages of tubulin in the corre-
sponding pellet fractions.
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All kinesins share a conserved core motor domain imply-
ing a common mechanism for generating force from
ATP hydrolysis. How is it then that kinesins exhibit such
divergent activities: motility, microtubule cross-linking
and microtubule depolymerization? Although conven-
tional motile kinesins have served as the paradigm
for understanding kinesin function, the unconventional
kinesins exploit variations on the motile theme to
perform unexpected tasks. This review summarizes the
biological functions and examines the possible molecular
mechanisms of Kin C and Kin | unconventional kinesins.
We also discuss the possible differences between the
microtubule destabilization models proposed for Kar3
and Kin | kinesins.
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Kinesins are a large superfamily of microtubule motor pro-

teins that use the energy of ATP hydrolysis to produce _

force. They are defined by the presence of a catalytic
core motor domain (historically known as the ‘head’
domain), which hydrolyzes ATP and binds to microtubules
(MTs). Kinesins are classified into three subfamilies based
on the position of their motor domain within the primary
sequence of the protein. The Kin C subfamily comprises
kinesins with a C-terminally located core motor domain;
Kin N kinesins have an N-terminally located core motor
domain; and Kin | kinesins possess an internally located
core motor domain (Figure 1). All kinesins share a high
degree of sequence identity within the core motor domain.
The crystal structures of the Kir-N and Kin C core motor
domains are clearly similar to each other (1,2). The first
kinesin to be identified was purified from the giant axon of
the squid (3). This extensively studied member of the Kin N
family of kinesins serves as the prototype for all other
kinesin-related proteins by virtue of its relative abundance
and ubiquitous tissue distribution. As a result, Kin N kin-

esins that are structurally related to squid axonal kinesin
have earned the designation ‘conventional kinesins'. By
default, the Kin C and Kin | kinesins have been labeled
‘unconventional kinesins’.

Functionally, the position of a kinesin's motor domain
within the polypeptide chain usually predicts its direction-
ality. Kin N kinesins walk toward the plus ends of MTs,
whereas Kin C kinesins translocate toward the minus ends
of MTs. Unexpectedly, the Kin | kinesins are not able to
translocate along MTs in the conventional sense but,
instead, depolymerize MT filaments from both ends (4,5).
It is important to note, however, that the directionality of
motile kinesins is not directly controlled by the position of
the motor domain in the polypeptide chain but rather by
the conserved region immediately outside the motor core
domain, called the ‘neck’ domain [reviewed in (6,7)]. Vale
and Fletterick (8) have defined the neck domain as ‘the
most class-specific region’ within the kinesin primary
sequence. This region is highly conserved within each
respective kinesin subfamily but extremely variable across
subfamilies (8). It is thought that the conserved core-motor
domains of both Kin N and Kin C subfamilies possess
intrinsic slow plus-end directed motile activity. The Kin
N-type neck may act to amplify this activity, while the
presence of a Kin C-type neck is sufficient to direct the
motor toward MT minus-ends [reviewed in (6,9}]. The neck
domains of the Kin C and Kin -l kinesins are located
N-terminally to the core motor domain, while the neck
of the Kin N kinesins is C-terminal to the core motor
(Figure 1). Many kinesins contain an a-helical coiled-coil
stalk domain through which they dimerize (Figure 1). In

addition, kinesins typically have a globular tail domain cap- ‘

able of carrying out a wide variety of functions, such as
interacting with cargo or kinesin-associated proteins (10);
regulating the core motor ATPase activity (11); providing
non-ATP dependent MT binding sites (12); and targeting
kinesins to different locations in cells (13).

All conventional kinesins (Kin N subfamily members) char-
acterized so far are processive, meaning they are able to
..take hundreds of steps before dissociating from an MT
TFilament [reviewed in (14,15)]. Processivity requires that
the motor be continuously attached to the MT during
successive steps in the cycle of translocation. In the case
of conventional kinesin, conformational changes in the
dimerized heads are coupled intermolecularly to the ATP
hydrolysis cycle, so that one head is always strongly bound
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Figure 1: Schematic representations of kinesin structure.
Members of Kin N, Kin C, and Kin | kinésin subfamilies are
shown. Kin N kinesins move toward the plus ends of MTs, Kin C
kinesins translocate toward the minus ends of MTs, whereas the
Kin | kinesins depolymerize MTs from both ends. The conserved
core motor domain is shaded in black; the neck is in gray; tail
domains are in white; and coiled-coil regions are striped.

to MTs while the motor domains transfocate in a hand-
. over-hand manner along the surface of the microtubule
lattice. In contrast, the Kin C dimeric kinesins are nonpro-
cessive motors. They lack the ability to take even a few
successive steps along a MT filament [reviewed in (6,15)].
" However, when multiple nonprocessive motors work
together, for example by attaching to a surface of a ves-
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icle, they can processively transport it along MTs. A recent
study by Hunter et al. (4) has demonstrated that the Kin |
kinesin, CgMCAK, is a processive depolymerase. A single
CgMCAK dimer will remove multiple tubulin dimers while
maintaining an attachment to MT ends (4).

All in all, the unconventional kinesins are important for
numerous biological processes and their malfunctions
have been implicated in human diseases [reviewed in
(16,17)). Mutations in the Kin C kinesin, DmNCD, cause
chromosome nondisjunction during female meiosis in
Drosophila (18). Related Kin C kinesins also operate during
vertebrate meiosis and mitosis to insure accurate chromo-
some segregation (19,20). Chromosome nondisjunction
during meiosis is the most common cause of mental
retardation and conceptus wastage in humans (21), mak-
ing this class of kinesins of fundamental lmportance for
genomic stability and human health.

In addition, the ability of Kin | kinesins to modulate micro-
tubule dynamics has major implications for both chromo-
some segregation and malignancy. A member of the Kin |
subfamily, HsSMCAK (KNSL8), is overexpressed in human
cancers (22,23). The hamster homolog of HsMCAK
can depolymerize paclitaxel-stabilized MTs in cells (24).
Significantly, the other major MT depolymerizing nonmotor
protein, stathmin, is incapable of destabilizing cellular MTs
in the presence of comparable levels of paclitaxel (24,25).
Therefore, HsSMCAK overexpression, in particular, may be
responsible for decreased sensitivity to the microtubule-
stabilizing anticancer drug paclitaxe! (Taxol, registered trade-
mark of Bristol Myers Squibb) in some cancers (26).
HsMCAK may antagonize the effect of paclitaxe! by pro-
moting MT dynamics. Targeting cancer cells with MCAK
inhibitors alone or together with paclitaxel may present a
potential strategy in treatment of paclitaxel-resistant tumors.

The functional contribution of the unconventional kinesins
to cell division and other cellular processes is mechanisti-
cally linked with their activities at a molecular level. Here,
we will review the molecular mechanisms and cellular
functions of the Kin C and Kin | unconventional kinesins.

Kin C Kinesins are Minus-End Directed Motor
Proteins

Kin C kinesins are minus-end directed motor proteins that
have been implicated in the organization of bipolar spin-
dles, retrograde transport, and Golgi apparatus positioning
(summarized in Table 1). Kin Cs contain ATP-independent
MT binding sites outside of the core motor domain (12).
The abxhty of these kinesins to bundle MTs suggests that
they possess MT cross-linking activity (12,19). Combining
MT cross-linking activity with motile activity would enable
these molecules to slide one MT with respect to another.
Hence, it was proposed that Kin C kinesins cross-link
spindle MTs and move toward the minus ends to promote

Traffic 2003; 4: 367-375




- - An Overview of the Kin C and Kin | Kinesins

Table 1: Diverse functions of Kin C kinesins. Representative members of Kin C subfamily are shown. The first two letters of the motor .
name refer to the species name: Dm Drosophila melanogaster, X!, Xenopus laevus; Hs, Homo sapiens; Sc, Saccharomyces cerevisiae, '

Mm, Mus musculus

(33,34). As expected, a truncated ScKar3 protein [lacking
N-terminal nonmotor MT binding domain (35), 1-276
residues] fused to GST tag exhibited minus-end directed
motility in vitro {(32). However, while observing minus-end
directed motility of GST-ScKar3, Endow et al. noted that
MT lengths were reducing, giving the appearance that
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(36).

The microtubule destabilizing activity of ScKar3 kinesin has
also been documented in vivo. Mutations of ScKar3 resulted
in both increased number and length of cytoplasmic MTs
in budding yeast (39). Experiments in vivo implicate only
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Kin C kinesins Subcellular localization Mutant (deficient) phenotype Functions
DmNCD spindles and spindle poles spindles with splayed poles and organizing ends of oocyte
(18) chromosome nondisjunction spindle MTs into poles; and
during female meiosis (18) spindle integrity (18,27,28) ..
XICTK2 spindles and spindle poles inhibition of bipolar spindle promoting bipolar spindle !
(19) assembly in Xenopus -assembly in Xenopus egg i
egg extracts (19) extracts (19) :
HsHSET spindles and spindle poles splayed spindle poles and loss of establishing spindle poles
(20) spindle bipolarity in murine during meiosis (20)
oocytes (20)
ScKAR3 spindles and spindie pole failure in nuclear fusion during cross-bridging MTs between ;
bodies (39,42) mating (35); aberrant MT arrays fusing nuclei to draw them |
and prophase arrest during meiosis together during mating (35);
(75); short mitotic spindles and nuclear and spindle positioning
increased number and length of (76); and spindle integrity
cytoplasmic MTs (35,39) (39,76)
MmKIFC2 neural cell bodies, dendrites, Homozygous KifC2 mouse mutants retrograde transport (77)
and axons (77) were viable and reproduced
normally (78)
MmKIFC3 perinuclear regions in the fragmentation of the Golgi Golgi positioning and
adrenocortical cells (79); apparatus under the integration (79); apical transport
apical plasma membrane in cholesterol-depleted in epithelial cells (80)
epithelial cells (80) condition (79)

A
focused association of the MT minus ends at the spindle minus ends of MTs was moving faster than plus ends '
poles (18,27,28). The minus-end directed activity of Kin C (32). This suggested that ScKar3 might be directly desta- ,
kinesins appears to act antagonistically to the plus-end bilizihng MTs, preferably from the minus ends. The MTs P
directed activity of BimC kinesins (Kin N type) (20,28-30). used in this assay were weakly stabilized by paclitaxel e
Kin C kinesins produce forces which pull spindle poles (1 paclitaxel molecule per 5 tubulin dimers). Increasing | .
together, while BimC kinesins produce forces which sepa- the paclitaxel concentration inhibited the ScKar3-mediated t
rate spindie poles. Deficiency in BimC activity results in MT minus-end destabilization (32). It was suggested that ' .
centrosome separation defects and failure of bipolar spin- ScKar3 causes MT minus-end instability by binding h
dle formation, whereas removal of Kin C activity in BimC between two adjacent protofilaments, which results in
mutants rescues these defects {20,29,30). Thus, opposing weakening MT protofilament lateral connections at the
motors generate counteracting forces to establish and. MT minus ends (36). The inhibition of ScKar3-mediated -
maintain bipolar spindle structure [reviewed in (31)]. The MT destabilization by paclitaxel is consistent with this ‘

- contribution of Kin C kinesin activity to the establishment idea, since paclitaxel stabilizes MTs by strengthening !
of spindle poles is most essential during meiosis or in the lateral interactions between MT protofilaments (37). '
absence of centrosomes (18,27,28). Kin C function is Comparison of the crystal structure of the ScKar3 motor
thought to be supplemented to a greater degree by cen- domain with those of both conventional Kin N kinesin
trosomes and also the minus-end directed motor dynein, and also the Kin C kinesin, DmNCD, revealed that ScKar3
in somatic cells {(20,28). . has a significantly shorter L11 loop within the core motor

domain (36). The L11 loop is thought to bind in the groove ]
Interestingly, ScKar3 stands out from the Kin C subfamily between MT protofilaments (38). The shorter L11 loop -
because of its ability to destabilize MTs in vitro specifically may force the Kar3 motor to bind deeper into the
from minus ends (32). MT destabilizing activity has not yet groove, triggering the lateral separation of protofilaments
been reported for any other Kin C.kinesin tested in vitro at the MT ends and thus initiating an MT catastrophe event
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one other member of the Kin C subfamily, the fission
yeast SpKlp2 kinesin, as an MT destabilizer {40). Further
analysis of MT destabilizing activity of ScKar3 and SpKip2
could provide important information regarding the
molecular basis of this activity. Combining motility and
MT depolymerizing activity may be unique to these two
yeast Kin C motors. This could be one mechanism by
which yeast make do with fewer kinesins than other
eukaryotic cells.

While conventional Kin N kinesins and the well-characterized
minus-end directed motor, DmNCD (Kin C), operate as
homodimers, ScKar3 functions as a monomeric motor
in vivo (41,42). The monomeric ScKar3 motor domain
_ has recently been”shown to associate as a heterodimer

with one of two nonmotor polypeptides (Cik1 or Vik1)
through corresponding coiled-coil domains. The two
ScKar3 heterodimers have different cellular localizations
and possibly functions. The ScKar3/Cik1 heterodimer
localizes along cytoplasmic MTs during mating and
along spindle MTs during mitosis, where it acts as an
MT cross-linking and sliding motor (41,42). In contrast,

the ScKar3/Vik1 heterodimer localizes to the mitotic

spindle poles, where it organizes MT ends into spindle
poles and may also destabilize cytoplasmic MTs (39,42).

These data suggest several important questions: Do any
other Kin C kinesins form single motor heterodimers? How
are the activities of ScKar3 heterodimeric complexes regu-
lated? Is the MT destabilization activity of ScKar3 unique
among Kin C kinesins? An in vitro analysis of MT motile,
cross-linking and destabilizing activities of ScKar3/Vik1 and
ScKar3/Cik1 heterodimers would help to elucidate the
molecular mechanism of these activities.

Kin | Kinesins are MT Depolymerases

Despite the presence of the conserved core motor
domain, Kin Is do not generate movement but function
as MT depolymerases that disassemble MTs in an ATP-
dependent fashion in vitro or in vivo (4,5). Kin Is have a
unique ability to target primarily MT ends, while Kin N and
Kin C kinesins have a higher affinity for the MT lattice.
Likewise, while the MT lattice is known to maximally
stimulate the ATPase activity of Kin N and Kin C kinesins,
Kin Is have a substantiasl MT-end stimulated ATPase
activity. Non-polymeric tubulin dimers and MT lattice also
stimulate the Kin |'s ATPase but to a much lesser extent
(4). Kin Is efficiently depolymerize both paclitaxel and
GMP-CPP stabilized MTs in vitro (4,5,24). Kin Is accumu-
late predominantly at both ends of MTs in the presence of
AMP-PNP (a nonhydrolyzable ATP analogue) in vitro. Elec-
tron microscopic analysis of MT ends after incubation with
Kin | kinesins revealed curled protofilaments (5,43).
Furthermore, Niederstrasser et al.-demonstrated that Kin
Is are capable of depolymerizing zinc-induced tubulin poly-
mers, characterized by an antiparallel MT protofilament
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arrangement unlike the paralle! arrangement of protofila-
ments in cellular MTs (44). These data indicate that, unlike
the proposed mode! for Kar3, Kin Is do not bind two
adjacent protofilaments to force them apart to induce
depolymerization. Instead, Kin Is induce protofilament
curling by acting on a single MT protofilament. Three-
dimensional EM reconstruction of a Plasmodium Kin |,

pKinl, bound to single protofilament curls showed that '

the core motor domain binds both & and B tubulin subunits
(43). It is thought that the binding of Kin Is either directly
induces or stabilizes a conformational change in a GTP-
tubulin dimer at the MT ends that reflects the GDP-tubulin
state of depolymerizing microtubules without stimulating
GTP hydrolysis on tubulin subunits (4,5). The stabilization
of the curved GDP-like conformation of the terminal
GTP-tubulin dimer results in destabilization of the lateral
interactions between tubulin subunits in the MT lattice and
loss of tubulin dimers from MT ends (45). The C-terminus

of B-tubulin is required for the tubulin conformational

change induced by Kin | kinesin binding (43,44).

Kinetic analysis suggests that CJMCAK, a hamster Kin |, is
a processive MT depolymerase. One MCAK molecule is
capable of removing approximately 20 tubulin dimers from
the end of MT protofilament before it dissociates” (4).
Another important kinetic feature of CgMCAK-mediated

MT depolymerization is the exceptionally rapid targeting

of CgMCAK to MT ends: the on-rate of CJMCAK to MT
ends exceeds by 100 times the rate at which tubulin
dimers bind to MT ends during polymerization. These

- data led Hunter et al. to suggest that CMCAK targets

MT ends by diffusion along the MT lattice (4). MT-end
targeting through one-dimensional diffusion along the MT
protofilament is much faster than targeting through three-
dimensional diffusion and is compatible with the on-rate
for CQMCAK to MT ends.

The conserved core motor domain of Kin | kinesins is
capable of stabilizing the curved protofilaments of depoly-
merizing microtubules {43). This is a key step in the
mechanism of Kin linduced MT depolymerization. How-
ever, under physiological conditions the core motor of
CgMCAK (1253-S583) is unable to depolymerize MTs. The
addition of the N-terminal neck domain (A182-R252) to the
CgMCAK core motor domain restores MT depolymerizing
activity to the level of the full-length CMCAK both in vivo

and in vitro (24,46). Hence, neck plus motor domain (A182-

S583) constitutes the minimal MT depolymerase with MT
depolymerizing activity similar to the full-length CgMCAK.
The positively charged neck domain of CgMCAK may
mediate diffusional motility through weak electrostatic
interactions with the negatively charged MT lattice (46).
Thése electrostatic interactions between the neck and the
negatively charged tubulin C-terminus may also mediate
processivity of CgMCAK-induced MT depolymerization.
Thus, it is the catalytic processivity conferred by the neck
domain that makes CgMCAK an active depolymerizer
under physiological conditions.

Traffic 2003; 4: 367-375
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Baculovirus-expressed Kin Is form homodimers (47-49).
However, this dimerization is not essential for Kin
l-mediated depolymerization activity since the minimal
MT depolymerase, the neck plus motor, is a monomer
(24). Kin Is lack an extended a-helical coiled-coil domain,
which serves as a dimerization site for Kin N and Kin C
kinesins. Only a small C-terminal domain of CgMCAK, ~40
C-terminal residues (A611-1648), is predicted to form a
coiled-coil by the PairCoil program (50) and the prediction
(< 50% probability coiled-coil) is relatively weak. Both the
N-and C-terminal domains were shown to be necessary for
CgMCAK kinetochore localization (13,48).

In contrast to the well-documented MT depolymerization
activity of Kin | kinesins, Noda et al. reported that MmKIF2,
a member of Kin | subfamily, generated plus-end directed
motility (47). However, Desai et al. showed that XIKIF2
{which shares 80% identity with full-length MmKIF2 and
95% identity with the neck plus motor region of MmKIF2)
is not able to move MTs but depolymerizes MTs similarly
to the other Kin Is (5). Likewise, CJMCAK has not shown
directed MT gliding motility in standard motility assays [our
unpublished data,(4)]. The MmKif2 fraction, which was
used for motility experiments by Noda et al. (47), was
purified from Sf9 cells by incubating Sf9 cytoplasmic
lysates with MTs in the absence of ATP and eluting
MT-bound proteins with addition ATP — a process that
could also extract endogenous kinesins from Sf9 cells.
Thus, the possible contamination by endogenous plus-
end directed kinesins cannot be excluded in the MmKIF2
motility assay by Noda et al. (47). By analogy to XIKIF2, we
predict that MmKIF2 is an MT depolymerase.

The Kin | subfamily includes both MCAK-like and KIF2-like
kinesin subclusters. The consensus protein sequences
corresponding to either MCAK or KIF2 subclusters are
highly similar but contain some differences, mostly in the
N- and C-terminal tail domains (see online supplementary
material for a protein sequence alignment of the Kin |
subfamily kinesins). HsMCAK (accession #AAC27660)
and HsKIF2 (accession #CAAB9621) share 50% identity
and 70% similarity within the full-length sequences and
70% identity and 90% similarity within the neck plus
motor regions. In mammals, both MCAKs and KIF2s are
expressed in the variety of tissues: hemopoietic cells, liver,
kidney, spleen, lung, and brain tissues (22,47,49,51,52).
MmKIF2 and its splice variant, MmKIF2p, are expressed
at higher levels in developing brain and down-regulated in
differentiated neurons and adult brain tissues (49,53). The
expression of MMMCAK was detected in proliferating
mouse myoblasts but was undetectable in differentiated
myotubes as well as adult mouse $keletal muscles (54).
Similarly, HsMCAK was found to decline to undetectable
levels when proliferating monoblastoid cells were differ-
entiated into monocytes (52). These data suggest that
both mammalian KIF2s and MCAKs might be present at
higher levels in proliferating tissues and at lower levels in
~ differentiated tissues. In addition to the tissues above,
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mammalian MCAKs were also found to be expressed in:
thymus, small intestine, colon, pancreas, ovary, testis,
placenta, and mammary tissues as well as in tumor cell
lines (22,23,52). HsSMCAK (KNSL6) expression in colon
cancer tissues and testis is at least 30-40 times the level
detected in other tissues, which indicates a possible role
of this kinesin in tumorgenesis and spermatogenesis (22).
Testis-specific MCAK isoforms have been identified in
humans and rats (55,56). Expression of the rat MCAK testis-
specific isoform, KRP2, is restricted to a meiotically active
region of the seminiferous epithelia in testis {56). While
further experiments are needed to determine whether
the testis-specific MCAK is present only in meiotic cells,
the data above suggest that Kin Is may have important
meiotic function(s) in addition to their role in mitosis.

It is unclear why cells require two highly similar depolymer-
izing kinesins: MCAKSs and KIF2s. So far, both MCAK-like and
KIF2-like proteins have been found in humans, rats, mice and
frogs. MCAK is seen at kinetochores, centrosomes and mid-
bodies in addition to a soluble pool present in nucleoplasm
and cytoplasm. KIF2s appear not to localize to either kineto-
chores or centrosomes but are present in the cytoplasm
(63,57). It is possible that KIF2 might primarily influence the
dynamics of cytoplasmic MT ends, while MCAK influences
both cytoplasmic MT ends and those that are embedded in
centrosomes and kinetochores. MCAK and KIF2 tissue
expression profiles largely overlap, but KIF2s are expressed
at a higher level in developing brain tissues, where they
are enriched in growth cones (49,57), while MCAKs are
up-regulated in testis and proliferative cancer cells (22). It is
not known whether MCAKs and KIF2s undergo cell-cycle
specific regulation so that one is more active during mitosis
while another is active during interphase.

Kin I Kinesins Regulate MT Dynamics
Throughout the Cell Cycle

Kin s play a major role in regulating MT dynamics in vivo
[summarized in Table 2; reviewed in {58)]. Overexpression
of CgMCAK in mammalian cells resulted in depolymeriza-
tion of cytoplasmic and spindle MTs (24,48). Xenopus egg
extracts depleted of XKCM1, a Xenopus Kin |, showed

abnormally long MTs and 4-fold reduction in MT catas--

trophe frequency (59). In addition, a recent study demon-
strated that physiological MT dynamics can be
reconstituted by combination of purified MTs, XKCM1 and
a MT-end stabilizing protein, XMAP215 (60). Maney et al.
found that CgMCAK influences MT dynamics at mitotic
kingtochores (48). CgMCAK localizes to the kinetochores
in ‘arly prophase and remains there throughout mitosis.
Depletion of CgMCAK from kinetochores either by anti-
sense RNA or overexpression of a dominate-negative
motorless mutant resulted in a lagging chromosome pheno-
type, which is likely to be the result of a deficiency in MT
depolymerization activity at the lagging kinetochores during

371




Ovechkina and Wordeman

Table2: Diverse functions of Kin | kinesins. Representative members of Kin | subfamily are shown. The first two letters of the
motor name refer to the species name: Cg, Cricetulus griseus; X}, Xenopus laevus; Rn, Rattus norvegicus, Ce, Caenorhabditis elegans,

Cf, Cylindrotheca fusiformis

Mutant (deficient) phenotype

Functions

lagging chromosomes during
anaphase A in CHO cells

abnormally long spindle MTs and
metaphase chromosome
misalignment in Xenopus egg
extracts (59,61)

loss of the spindle midzone
during anaphase B in C. elegans
embryos (83)

inhibition of spindle elongation
during anaphase B in the diatom
C. fusiformis (84)

retraction of NGF-induced

PC12 neurites (57)

regulation of MT dynamics
throughout the cell cycle and -
depolymerization of kinetochore
MTs during anaphase A in

CHO cells(24,48)

regulation of MT dynamics
throughout the cell cycle and
promoting metaphase
chromosome alignment in
Xenopus egg extracts (59,61,81)
spindie midzone maintenance
during anaphase B (83)

promoting spindle elongation
during anaphase B (84)

promoting growth cone
extension (57)

Kin | kinesins Subcellular localization

CgMCAK spindle poles, kinetochores
and mid-bodies (24,48)

: (24,48)

XIKCM1 spindle poles and
kinetochores (59)

CeMCAK spindle poles and -

.kinetochores (82)

CfDSK1 spindles and spindle
midzone (84)

RnKIF2 enriched in PC12 neurite
growth cones and on
nonsynaptic vesicle
subtype(57)

anaphase {48). Displacement of XKCM1 from kinetochores
by a dominant-negative mutant caused metaphase chromo-
some misalignment in the Xenopus egg extracts (61). In
addition to kinetochore localization, CQMCAK also localizes
to centrosomes and mid-bodies in cells (48). This localiza-
tion pattern suggests that MCAK could also modulate MT
dynamics at these locations as well. CgMCAK's centro-

somal localization throughout the cell cycle suggests that

it might be a candidate for a MT flux motor.

The importance of dynamic microtubules for proper spin-

dle functioning is well established [reviewed in (31)). How-

ever, the regulation of microtubule dynamics is likely to be
essential for other motile processes such as growth cone
extension. Exploration of the cytoplasm by dynamic micro-
‘tubules followed by selective stabilization is an essential
component of the motility mechanism of advancing
growth cones [reviewed in (62)]. Drugs that inhibit MT
dynamics have been shown to reduce neurite extension
(63). Kin | kinesins would be hypothesized to increase
microtubule dynamics in growing neurites. In agreement
with this hypothesis, RnKIF2 appears to be important for
PC12 neurite extension induced by NGF treatment (57).
NGF significantly up-regulates the expression of RnKIF2 in
PC12 cells where RnKIF2 becomes enriched in growth
cones of NGF-induced neurites.’=Moreover, RnKIF2
antisense oligonucleotides caused neurite retractions in
NGF-treated PC12 cells (57). Interestingly, another MT
destabilizing stathmin-like protein is also up-regulated in
PC12 cells treated with NGF (64). Similarly to the RnKIF2
study, inhibition of stathmin expression by antisense oligo-
nucleotides blocked the NGF-induced neurite outgrowth in
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'PC12 cells (65). These data suggest that proteins that

influence microtubule dynamics such as KIF2 and stathmin
are important for neurite extension. ,

Kin | and Kip 3 Kinesins Constitute Closely
Related but Different Subfamilies

The Schizosaccharomyces pombe SpKlp5/6 kinesins were
recently found to have similar properties to the Kin | sub-
family kinesins (66-69). However, differences in primary
sequence structure, activity and function have prompted
researchers to give them their own closely related but

distinct subfamily: the Kip 3 subfamily (70,71). SpKip5/6 -

were found to localize to kinetochores and also have some
features in common with CENP-E, a plus-end directed
kinesin (66). Depletion of the Kip 3 subfamily kinesins
from yeast cells showed MT-depolymerization deficient

‘phenotypes (67-69,71,72). Kip 3 kinesins have N-terminally

located motor and C-terminally located neck domains.
The Kip 3 related kinesin from Drosophila, DmKIp87A,
was shown to move MTs in the plus-end direction in an
in vitro motility assay (73). Mutations in the same kinesin,
DmKIip67A, were reported to produce abnormally elong-
ated spindles, a phenotype which is consistent with the
loss. of MT destabilization activity (74). Therefore, it is
pos§ible that members of the Kip 3 subfamily of kinesins
are capable of both motile and depolymerizing activities, as
is Kar3. The weak structural and sequence correspond-
ence between the Kin | and Kip 3 kinesin subfamilies
suggests that the mechanism of MT destabilization by
Kip 3 kinesins may be different from that of Kin Is. Detailed
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analysis of the MT destabilizing activities of Kip 3 kinesins
in vitro are required to elucidate the molecular mechanism of
Kip 3-mediated MT depolymerization.

Conclusions

While significant progress has been made recently in elu-
cidating Kin C and Kin | kinesin mechanism and functions in
cells, many important questions remain to be answered:
What are the structural differences between kinesins that
translocate along MTs and kinesins that depolymerize
them? What are the differences and similarities between
molecular mechanisms of MT depolymerizing activities of
Kar3, Kin | and Kip 3 kinesins? What are the functional
differences between MCAK-like and KIF2-like kinesins?
How are Kin Is regulated in cells? The answers to these
questions will help us understand how the unconventional
kinesins were specialized during evolution for their funda-
mental cellular roles.
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Abstract:

Mitotic Centromere Associated Kinesin (MCAK) is a microtubule (MT) destabilizing
molecular motor. Here we show that the final eight amino acids of MCAK’s carboxyl-
terminus (C-term) contribute to inhibition of MT depolymerization. Overexpression of a
C-term truncation of MCAK (MCAK-Q710) results in enhanced MT depolymerizat_ion in
paclitaxel treated cells when compared to overexpression of full-length MCAK (wt-
'MCAK). Furthermore, in vi}ro depolymerization of paclitaxel-stabilized MTs was
increased with purified MCAK-Q710 when compared to wt-MCAK. In vitro ATPase
assays revealed that MCAK-Q? 10 has a significantly higher rate of ATP hydrolysis in the
presence of paclitaxel-stabilized MTs as compared to wt-MCAK. This ATPase difference
was most pronounced with longer MTs and by extension, with prolonged exposure to the
MT lattice. Interestingly, wt-MCAK and MCAK-Q710 display comparable ATP
hydrolysis in the presence of free tubulin. These results suggest that MCAK’s C-term
may selectively inhibit ATPase activity along the MT lattice resulting in limited
interactions with the lattice, thereby limiting end targeting and hence, MT

depolymerization.




Introduction:

The kinesin superfamily consists of motor proteins that convert chemical energy, through
ATP hydrolysis, into physical work (Brady, 1985; Goldstein and Philp, 1999; Vale and
Fletterick, 1997; Vale et al., 1985). These motors are involved in a wide range of cellular
functions such as vesicle transport along MT tracks, signal transduction, and MT polymer
dynamics (Goldstein and Philp, 1999; Vale and Fletterick, 1997; Vale and Milligan,
2000). Mitotic Centromere Associated Kinesin (MCAK) belongs to the Kin I (I stands for
internal, referring to the location of the motor domain with respect to the primary amino
acid sequence) subfamily of kinesin-related proteins and shares a highly conserved ATP- '
hydrolyzing motor (head) domain with other members of this subfamily (Vale and

Fletterick, 1997; Wordeman and Mitchison, 1995). Unlike many other kinesins, which

transport cargo along the surface of MTs, MCAK and its homologues depolymerize them

(Desai et al., 1999; Maney et al., 2001; Walczak et al., 1996). The activity of MCAK and’
its homologues is critical for cellular functions such as mitotic spindle formation in

Xenopus egg extracts (Tournebize et al., 2000; Walczak et al., 1996), and proper

separation of sister chromatids during anaphase in mammalian cells (Maney et al., 1998).

Overexpression of MCAK causes severe loss of MTs in interphase and mitotic cells

(Maney et al., 1998; Maney et al., 2001) while depletion of XKCM1 (the Xenopus

homologue of MCAK) results in an increased level of MT polymer (Walczak et al.,

1996). MCAK’s contribution to the dynamic behavior of MTs makes its regulation an

important factor in maintaining proper MT functions and may provide insight into

tumorgenesis (Perou et al., 1999) and some forms of celi cyclé aberration (Zhai et al.,

1996).

In the presence of ATP, purified MCAK and its homoiogues are very efficient MT

depolymerizers. Fluorescence microscopy has shown that the Xenopus homologue,

XKCM, localizes preferentially to the ends of GMP-CPP (a slowly hydrolysable form of

GTP) stabilized MTs (Desai et al., 1999). One current model suggests that MCAK

associates loosely with the lattice of MTs, perhaps through electrostatic interactions, and

then translocates to the MT ends (where depolymerization takes place) via one-




dimensional diffusion (Desai et al., 1999; Hunter et al., 2003; Ovechkina et ai., 2002).
Where and when, exactly, MCAK hydrolyzes ATP is still a matter of debate. XKCM1
has been shown to target MT ends in the presence of a non-hydrolysable form of ATP
(AMP-PNP) (Desai et al., 1999). In addition, MT destabilization has been shown in the
presence of AMP-PNP when high molar concentrations of Kin Is were present (Moores
et al., 2002). Hdwever, it has been observed that Kin I kinesins stabilize protofilament
peels and rings in the presences of AMP-PNP but without removing individual tubulin
dimers from the protofilament (Desai et al., 1999; Moores et al., 2002; Niederstrasser et
al., 2002). Thus, the MT destabilization observed in the presence of AMP-PNP, differs
from that observed in the presence of ATP. This led Hunter et al. to propos‘e that
dissociation of the terminal tubulin dimer is triggered either by ATP hydrolysis or
phosphate release. In addition, they propose that MCAK remains tethered to the end of
the MT protofilament for a number of cycles of tubulin dissociation before it itself

dissociates. In this way, MCAK would processively depolymeriie MTs.

In contrast to MCAK, conventional kinesin uses ATP hydrolysis to translocate along the
MT lattice. Electron niicroscopy and sedimentation analysis have revealed that
conventional Kinesin exists in two different conformations (Hackney and Stock, 2000).
At physiological ionic concentrations, the protein is folded into a compact conformation.
This folding is due to an interaction between the C-term and the head/neck region. In this
state, ATP hydrolysis is inhibited, presumably due to interactions of domains in the tail
and head. This idea is supported by the fact that a highly conserved C-term truncation of
kinesin, which is unfolded, causes a loss of ATPase inhibition (Coy et al., 1999; Hackney
and Stock, 2000). Similar to conventional kinesin, we show here that when the C-term of
MCAK is truncated, ATPase activity is increased. This increased activity directly
correlates with the presence of intact MT polymier in solution. Furthermore, the MT
depolymerization rate is increased both in vivo and in vitro. We also show, using MT
pelleting aséays, that the C-term truncation of MCAK (MCAK-Q710) may bind more
tightly with MTs as compared to the full-length protein (wt-MCAK). These results are
comparable to kinesin in that the intact protein has a weaker affinity for MTs (Hackney,

1988)). We propose that wt-MCAK may act in a manner analogous to conventional



kinesin in that the C-term may act as a selective inhibitor of ATP hydrolysis by
influencing the protein’s interaction with the MT lattice. This inhibition may limit
MCAK ’s ability to diffuse along the MT lattice and therefore hamper end targeting and
MT depolymerization. We propose that in the absence of the C-term, MCAK may be

partially processive whereas the intact protein relies primarily on diffusion to reach the

MT ends. The partial processivity of the truncated protein may allow it to achieve

definitive steps toward the MT ends, therefore increasing the probability of end targeting

and hence, MT depolymerization.




Materials and Methods

Constructs
MCAK constructs were made by ligating MCAK PCR products (from pOPRSVICAT-
GFP-MCAK (Maney et al., 1998)) with TOPO NT-GFP fragments (Invitrogen Corp.,

Carlsbad, CA). Gene expression was under the control of a CMV promoter. Deletions

were confirmed by DNA sequencing.

Cell culture, transfections and immunofluorescence

CHO cells were cultured in cMEM with 10% fetal bovine serum, and 1X penicillin-
streptomycin-glutamine (GibcoBrl, Grand Island, NY). One day prior to fixation, cells
were plated onto 12mm glass coverslips at about 50% confluency. Transfections were
- performed with Lipofectamine Reagent (Invitrogen, Carlsbad, CA). For transfected cells
cultured in the presence of paclitaxel, 15uM paclitaxel was added 2 hours into the
transfection. Culture media with 10uM paclitaxel was added back to cells after a 4-hour
transfection period and was maintained until fixation as described (Maney et al., 2001).
‘Cells were cultured for 25 hours after transfection and fixed with 1% paraformaldehyde
in methanol (pre-cooled to 20 C) for 3 minutes. Cells were blocked for 20 minutes with
20% donkey serum in antibody dilution buffer (PBS plus 1% BSA, 0.02% NaAzide,
0.1% Triton X-100). Tubulin staining was done with mouse anti-tubulin DM1a (Sigma
ImmunoChemicals, St. Louis, MO) at a 1:500 dilution for 1 hour and Texas Red anti-
mouse (Jackson ImmunoResearch, Inc., West Grove, PA) at a 1:100 dilution for 1 hour.
Cells were washed with PBS and mounted with Vectashield mounting media plus DAPI
(Vector Laboratories, Inc., Burlingame, CA). Analysis was done with a Nikon FX-A
microscope equipped with a 60X/1.4 NA Plan Apo oil objective. Digital images were
acquired with a Sensys cooled CCD camera (Photometrics, Tucson, AZ) controlled by

QED camera software (QED Imaging, Inc., Tucson, AZ).

Quantitation of microtubule depolymerization in vivo
Digital images of transfected cells were collected for GFP and MT fluorescence for the

same exposure times, respectively. Images were saved as 8-bit TIFF files with a 256 gray




scale range. Calculations and quantification were performed using NIH Image 1.62 and
Microsoft Excel. Interphase cells that were free of aggregates of overexpressed protein
were chosen. Cytoplasmic GFP mean fluorescence intensities were measured for each
cell and the cell-free mean fluorescence was subtracted for each image to correct for
background fluorescence. 44 transfected cells were measured for each construct. To
quantify MTs remaining in each cell, we determined a gray scale range within which
fluorescent MT polymer fell. We counted the number of pixels in this range and divided
it by the number of pixels in the entire cell. We comparéd the means of these ratios for

each of our constructs. (See text.)

Expression and purification of recombinant MCAK

Baculovirus expression of recombinant 6x-histidine tagged wt-MCAK in Sf9 cells
(Pharmingen, San Diego, CA) and its purification on a nickel-nitrilotriacetic (Ni-NTA)
agarose columns (Qiagen Inc., Chatsworth, CA) were performed as previously described
(Maney et al., 1998). MCAK-Q710 was constructed by ligating a PCR fragment
containing the truncated C-term into pVL1393-MCAK digested with Notl and Ncol.
Baculovirus purification was performed as previously described. Peak fractions in elution
buffer (300 mM Imidazole, pH 7.0, 300mM KCl, 50uM MgCl,, 10uM MgATP, SmM
BME, 20% glucose, 10% glycerol) were aliquoted and frozen in liquid nitrogen and |
stored at -70 C. The number of active nucleotide binding sites was measured
radiometrically as previously described (Coy et al., 1999). Because MCAK is a dimer
(Maney et al., 1998), the concentrations are always exprgssed as the number of active
heads.

In vitro microtubule assembly

Bovine brain tubulin was acquired from Cytoskeleton (Denver, CO). For in vitro
pelleting assays, 2.2uM of tubulin was added to BRBSO (80mM Pipes, pH 6.8, ImM
EGTA, 1mM MgCl,) with 6mM MgCl,, 1.5mM GTP, and 1.4M DMSO and incubated
for 30 minutes at 37 C. Following the incubation, MTs were diluted 1:20 in 37 C
BRB80 plus 15uM paclitaxel. Microtubules were stable for one week at room

temperature. Variable MT lengths were achieved by passing MTs through a 30-gauge




syringe of either 0.5 inches in length (Becton Dickinson, Franklin Lakes, NJ) or 2.0
inches in length (Hamilton Co., Reno NV). Resulting lengths were determined via
immunofluorescent microscopy. For ATPase assays, 11uM of tubﬁlin was added to
BRB80 with 8mM MgCl,, 2mM GTP and 1.9M DMSO, and grown at 37 C as before.
MTs were then diluted with BRB8O plus paclitaxel for a final paclitaxel concentration of
7.5uM.

In vitro microtubule depolymerization assays

Elution buffer containing 50nM of active motor protein was mixed with 0.8mM DTT,
1.2mM MgATP, 75mM KClI and 2.2uM paclitaxel stabilized MT polymer. Reactions
were incubated at room temperature for- 16 minutes and centrifuged at 30 psi for 10
minutes. Supernatants and pellets were assayed for the presence of tubulin and motor on
Coomassie stained SDS-polyacrylamide gels (Invitrogen, Carlsbad, CA). Bands were
quantified using NIH Image 1.62. The extent of depolymerization with the 2 constructs

. was compared by comparing the total amount of tubulin in the supernatant minus the

supernatant of a no-motor control.

ATPase assays

Assays were performed as previously described (Hunter et al., 2003). Briefly, phosphate
release was determined radiometrically. Sul of reaction mix (BRB80 with 250uM [y-
22p]ATP (NEN Research Products, Boston, MA), 75mM KCI, ImM DTT, 200u.g/ml
BSA, 250uM MgATP, 50nM active motor heads, 11uM tubulin (unpolymerized or MT
polymer) was quenched with 500ul cold solution containing 1M hydrochloric acid, 4%
perchloric acid, 180uM P, and 10mM ammonium mdlybdate. The phosphate
concentration in the quenched reactions was determined by adding 1ml organic solvent
(cyclohexane, isobutyl alcohol, acetone, quench solution, mixed at a ratio of 50:50:10:1),
vortexing for 50 seconds, then allowing the phases to separate for approximatély 10
minutes on ice. After phase separation was complete, 63% of the organic phase
containing radiolabeled P (complexed with molybdate) was recovered, mixed with 3ml

scintillation fluid (BioSafe II, Research Products International Corp., Mount Prospect,



IL), and read in a Beckman scintillation counter. Regression analysis and curves were

generated using MATLAB (The MathWorks Inc.) and Microsoft Excel.




Results

Carboxyl terminal truncations of 'MCAK exhibit increased microtubule

depolymerization irn vivo

Chinese Hamster Ovary (CHO) cells transfected with full-length MCAK (wt-MCAK)
display a complete loss of MT polymer by 25 hours post-transfection. Only a diffuse
background of tubulin staining is discernable (fig. 1a, 1b). However, when wt-MCAK
transfected cells are cultured for the same time duration in the presence of 15um
paclitaxel, they exhibit only a partial loss of MT polyiner. The remaining MT's appear to
be organized into a few, relatively long, bundles (fig. 1c, 1d) as compared to the abundant
MT bundles visible in untransfected cells in the same field. Although wt-MCAK is able
to depolymerize these bundied paclitaxel-MTs, complete MT depolymerization is not
achieved within 25 hours. Partial abrogation of MCAK activity with paclitaxel allowed
us to differentiate between MCAK constructs with slightly dissimilar rates of MT

depolymerization.

Maney et al. (Maney et al., 2001) observed that wt-MCAK exhibited slightly lower MT
depolymerization activity than a construct of MCAK missing thé entire C-term (the
région immediately following the motor domain). In order to establish which regions
within the C-term inhibit MT depolymerization activity, we prepared successively
smaller C-term deletions of MCAK and transfected these constructs into CHO cells

cultured in the presence of 15uM paclitaxel (fig. 2a). By inspection, cells transfected with |
C-term deletions between S583 and Q710 exhibited equally enhanced MT
depolymerization when compared to wt-MCAK. The deletion ending at H715 appears to
have exhibited partially restored inhibition of MT depolymerization (data not shown).

. The qualitative similarity in the extent of MT depolymerization between the serial C-term
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Figure 1: C-term truncation increases
MCAK’s depolymerization activity.
Illustration of MT depolymerization in CHO
cells transfected with GFP-tagged wthCAK
and MCAK-Q710. The first column (A, C, D)
shows MTs, antibody labeled against o-tubulin.
The second column (B, D, F) shows fluorescent
expression of GFP-tagged motor protein. (A) and
(B) A cell transfected with GFP-tagged wt-
MCAK. (C) and (D) A cell transfected with
GFP-tagged wt-MCAK, cultured in the presence
of 15uM paclitaxel. (E) and (F) A cell
transfected with GFP-tagged MCAK-Q710 in

the presence of 15uM paclitaxel. (G) is a

comparison of the cytoplasmic GFP expression
levels between GFP-tagged wt-MCAK and
MCAK-Q710. Fluorescent intensity levels are
measured over 256 gray scale values. (H) shows
the difference in tubulin polymer levels for the

same populations of cells.

deletions suggests that it is the extreme
C-term that is responsible for auto-

inhibition of MT depolymerization

-activity of full length MCAK.

Quantitation of in vivo microtubule

depolymerization

To compare the relative extent of MT
depolymerization between constructs in
vivo, we devised a method whereby we
could measure the amount 6f MT
polymer in cells. GFP:MCAK fusion
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constructs were transfected into CHO cells and cultured in the presence of 15uM
paclitaxel for 25 hours. Cells were then fixed and labeled with a'monoclonal antibody
against o-tubulin. Digital irﬁages were acquired using a cooled CCD camera. Interphase
cells chosen for quantitation di éplayed similar levels of cytoplasmic GFP éxpr'ession. The
average pixel intensity (mean gray value) of GFP in the cytoplasm was measured for both
constructs (Fig. 1h) to control for variations in the extent of nuclear sequestration. Using
a gray scale image of MTs, where MTs appear in intensity between white and light gray
(grayscale value between 0 and 120) on a nearly black (grayscale value near 256)
background (Fig. la,c and e), we recorded the pixels present within the grayscale range
of 0 and 120. This number was divided by the total pixels in the cell (Fig. 1g). The

resulting number gave us a normalized value representing the amount of tubulin polymer

per cell.

The extreme C-term of MCAK is an inhibitor of microtubule depolymerization in

vivo

Because of the apparent similarity of enhanced depolymerization between
the C-term deletion constructs, MCAK-Q710 was chosen for quantitative coniparison
with wt-MCAK as it was the longest truncation construct with maximally enhanced MT
depolymerization. Figure le shows the MTs of a cell transfected with MCAK-Q710,
cultured in the presence of paclitaxel. MCAK-Q710 is able to depolymerize bundled MTs
to a significantly greater extent than wt-MCAK. Note that there is only a speckling of MT
polymer remaining in these cell, as compared to the longer intact bundles in cells

transfected with wt-MCAK for the same amount of time.

Using the method described above, we measured the relative amount of tubulin polymer
" remaining in a population of transfected cells (Fig. 1g). wt-MCAK and MCAK-Q710
transfected cells exhibited a significant difference in the extent of polymer loss according

to a paired t-Test with 95% confidence.

11




a®

The C-term of MCAK contains a highly conserved KKR amino acid sequence (Fig. 2b,
2c). PSORT (Nakai and Kanehisa, 1992) predicts that this region is one of three potential
nuclear localization sequences (NLS) found in the protein. To ensure that the difference
in cytoplasmic MT depolymerization was not due to a difference in MCAK’s cytoplasmic
expressioﬁ level resulting from differential sequestration via the NLS, we measure the
relative levels of cytoplasmic expression for the same pophlation of cells. We found that
these two populations of cells exhibited statistically indistinguishable levels of protein
expression (Fig. 1h). This suggests that given the same level of cytoplasmic expression,

MCAK-Q710 serves as a more potent depolymerizer in comparison to wt-MCAK iz vivo.

Figure 2:
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Figure 2: Map of C-term truncations of MCAK. C-term truncations of GFP-tagged MCAK are
illustrated in conjunction with their amino acid truncation sites. Each construct was transiently transfected
into CHO cells cultured in the presence of 15uM paclitaxel. Cells were fixed 16 hours post transfection and
antibody labeled against ci-tubulin. The extent of MT depolymerization was scored for each of the
constructs. + represented the shortest MT bundles which were found in the transfectants exhibiting the
highest depolymerization activity. ++++ represented the longest MT bundles, which corresponded to the
lowest levels of MT depolymerization activity. (B) illustrates the region of the highly conserved KKR
sequence relative to the MCAK-Q710 truncation site. (C) shows a sequence alignment of MCAK’s C-term
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from four different species: CgMCAK, Cricetulus griseus, (GenBank accession number: U11790);
HsMCAK, Homo sapiens (U63743); Rattus norvegicus, (U44979); XKCMI, Xenopus laevis (U36485). The
highly conserved KKR sequence is shaded in gray.

MT depolymerization in vifro is enhanced by C-term truncation of MCAK

To confirm that the difference in MT depolymerization seen in vivo was intrinsic to the
motor and not the result of interactions with other cellular proteins, we performed a series
of in vitro depolymerization assays. Both wt-MCAK and MCAK-Q710 were expressed
and purified from baculovirus-infected SF9 cells. The purified motors were mixed with
paclitaxel-stabilized microtubules (about 15um in length, on average), and lmM
MgATP. This reaction was incubated for 16 minutes at room temperature and
subsequently centrifuged to separate free tubulin dimers from larger polymer. The
supernatant and pellet were then run on an SDS-gel. The amount of tubulin released into
the supernatant was measured as an indication of the extent of MT depolymerization. The
amount remaining in the pellet indicated the concentration of remaining MT polymer.
Quantitation of these gels revealed that MCAK-Q710 is a more potent MT depolymerizer
in vitro as well as in vivo (Fig. 3) when compared to wt-MCAK. There was an
approximéte 25% increase in the extent of MT depolymerization with MCAK-Q710 over
wt-MCAK. In addition, more MCAK-Q710 was found in the MT pellet as compared to
' wt-MCAK suggesting that the deletion construct may have a higher affinity for MT

polymer.

It has been shown that the rate at which wt-MCAK is able to depolymerize MTs is
dependent upon the concentration of MT ends (Hunter et al., 2003). We sought to
determine if this relationship held true for MCAK-Q710 as well. By passaging the MTs
through needles of different lengths, we were able to shear them to different lengths. The
resulting lengths were Sum and 15pm. (Unsheared MTs can extend to ~40um in length
but may retain bundled MT structures and have a less consistent distribution as compared

to the sheared polymer) We performed MT depolymerization

13




14

-

Figure 3: MCAK-Q710 depolymerizes
paclitaxel-stabilized MTs faster than wt-
MCAK. SDS-PAGE illustrates the difference in

Figure 3:

depolymerization activity between wt-MCAK

s P s P s P and MCAK-Q710. (S)upernatant lanes show the

amount of free tubulin dimer and unbound

50+7 7949

protein left in solution after the reaction was
centrifuged. (P)ellet lanes illustrate the amount
of larger polymer and any bound motor protein
after centrifugation. The upper bands in the gel

tubulin
are MCAK motor and the lower bands are

no motor Wt-MCAK MCAK-Q710 tubulin. In each experiment, 50nM of active
control ‘ motor is added to 2200nM paclitaxel stabilized

MTs and 1mM MgATP. MTs were sheared to a
length of 15um on average. The
depolymerization reactions went for 16 minutes

at room temperature.

assays as described above using the 3 different lengths of MTs (Sum,15um and
unsheared) while holding the total MT polymer concentration constant. We found that the
rate of MT depolymerization with MCAK-Q710 was higher in the presence of more MT
ends (i.e. shorter MTs) similar to wt-MCAK (Fig 4). In addition, MCAK-Q710 was a
more potent depolymerizer than wt-MCAK for the unsheared and 15um MTs. (This
statement could not be extended to the Sum MTs because depolymerization was

complete for both in the time frame of this experiment.)

Increasing the concentration of MT lattice signiﬁcantly enhances ATPase activity of

MCAK-Q710

MCAK has been shown to exhibit both free tubulin-stimulated and MT-stimulated ATP

hydrolysis (Hunter et al., 2003). One possible model suggests that ATP hydrolysis or
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Figure 4:
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Figure 4: Increasing the ratio of MT ends to lattice facilitates MCAK-dependent MT
depolymerization. The extent of MT depolymerization is compared for MTs of 3 different lengths by
SDS-PAGE. Lanes afe marked for (S)upernatant and (P)ellet. The numbers above the lanes indicate the
percentage of tubulin released into the supernatant. Molar concentrations of polymerized tubulin were held
constant for each trial (2200nM) as well as the concentration of active motor (50nM). Uppef bands are

motor protein. Lower bands are tubulin. Depolymerization reactions went for 16 minutes at room

temperature.

phosphate release may serve to dissociate the terminal tubulin dimer from the MT
protofilament (Hunter et al., 2003). That being the case, we wanted to determine if
MCAK-Q710 had a higher depolymerization rate because it was able to more quickly
promote the dissociation of the terminal tubulin dimers from the protoﬁlamént ends.
Moreover, the motor must also dissociate from the terminal tubulin dimer for the dimer to
be released from the MT protofilament. To determine if this process was enhanced with
MCAK-Q710, we investigated whether MCAK—Q710 exhibited a higher rate of tubulin-
stimulated ATPase activity than wt-MCAK. Using [y-**P]-ATP, we conducted ATPase
assays in the presence of free tubulin (Fig. 5c and d). We observed that MCAK—Q710 and

wt-MCAK had nearly identical tubulin-stimulated phosphate release rates, suggesting
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that the enhanced MT depolymerization of MCAK-Q710 is not due to an enhanced rate

of tubulin dissociation.

We performed the same assay using unsheared paclitaxel-stabilized MTs. MCAK-Q710
exhibited a significantly higher rate of ATPase activity in the pfesence of long MTs as
compared to wt-MCAK (Fig. 5c). We repeated the assay using the same concentration of
MT polymer but of shorter length (~5 and 15um in length)(Fig. S5c and d). We found that
increasing the ratio of MT ends to lattice significantly decreased ATP hydrolysis for both
proteins. However, MCAK-Q710 still rhaintained a consistently higher rate of ATPase
activity as compared to wt-MCAK. |

To further characterize the differences in activity between the two proteins, we fit our
ATPase data (the phosphate released in the experiments) to a growth curve. We chose the

Janoschek growth curve (Equation 1) and determined the constants

W)= A-(A-W(©0) xe™ Equation 1

W(t) = Janoschek Growth Curve
A = asymptotic value
Point of inflection:

1
((p y 1); o
A-(A-W(0)xe ?
pk

p<1 models simple exponential growth
p>1 models sigmoidal growth

based on a non-linear least squares fit. Janoschek’s growth curve is a convenient model to
use because it describes both exponential and sigmoidal growth (Janoschek, 1957). For
values of p less than 1, growth is exponential. For values of p greater than 1, growth is
sigmoidal. Sigmoidal growth suggests that there may be a delay in the reaction of the

system. Note that there are three components contributing to the ATPase activity of this
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system: free-tubulin stimulation, MT lattice-stimulation and MT end-stimulation. What
our data suggests is that there may be a delay in maximal ATPase activity with longer
MTs. wt-MCAK shows sigmoidal growth with MTs that are 15um and unsheared
whereas MCAK-Q710 only shows sigmoidal growth for MTs that are unsheared (Table

1).

Table 1:
S5um MTs 15um MTs l unsheared MTs
| * 3.70x103 1.10x10° 2.12x10"
i » 0.6919 0.8959 1.1160 MCAK-Q710
POI n/a n/a (25731, 7.18)
k 6.10x10" 5.53x10°° 4.06x10°
i » 0.7906 1.2894 1.3564 wt-MCAK
| POI n/a (628.68,2.73) (645.57, 5.84)

Table 1: Coefficients for Janoschek growth curve. The coefficients & and p are given for each MT length
as well as the point of inflection (POI) for sigmoidal curves. £ is the reaction constant and indicates the
speed at which a curve reaches an asymptotic value. p dictates whether a curve models simple exponential
association or sigmoidal growth. Sigmoidal growth is usually indicative of a delay in cooperativity between

an enzyme and a substrate. The POI indicates the point in time for which the shape of a curve changes from

concave to convex.

The values of % (Table 1) indicate reaction constants, which describe the relative speeds
at which the curves reach asymptotic levels. The values of £ in Table 1 show a trend
implying that depolymerization with shorter MTs reaches this level faster than
depolymerization with longer MTs. In addition, MCAK-Q710 reaches asymptotic levels

faster than wt-MCAK, consistent will all other experiments.
Model predicts that MCAK C-term truncation may enhance MT end targeting
A recent study suggests that ATP-dependent diffusional motility along the MT lattice

contributes to MT depolymerization by facilitating targeting of MCAK to MT ends
(Hunter et al., '2003). Enhanced ATPase stimulation of the C-term
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Figure 5:
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Figure 5: Longer MTs increase MCAK’s MT
stimulated ATPase activity. 50 nM active
motor was incubated in the presence of 11pM
tubulin, 250uM [y-*P]-ATP and 250pM cold
MgATP. All figures display inorganic phosphate
release (UM) over time (seconds). Linear curve
fits (A, B) were genei'afed by Microsoft Excel.
All others (C, D, E) were generated with
MATLAB (The MathWorks Inc.) The curves fit
to the data in (C), (D), and (E) are Janoschek
growth curves, fit via non-linear leést square
regression. (A) shows free tubulin-stimulated
ATPase activity with wt-MCAK and (B) is with
MCAK-Q710. (C) shows ATPase stimulation in
the presence of paclitaxel-stabilized MTs, Sum
in length. (D) shows ATPase stimulation in the
presence of MTs, 15um in length. (D) shows
ATPase stimulation in the presence of unsheared
MTs.

that MCAK

constructs lacking the C-term may

truncation suggests
confer more efficient mobility of the
motor along the MT lattice, thereby
increasing the rate at which motors reach
the MT ends. This in turn may result in
an increased rate of MT

depolymerization.

It was also suggested by Hunter et al.,
that MCAK may be a processive
depolymerizer. In this case, MCAK
would bind to the MT end, and then
‘step’ backwards along the MT as it
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dissociated the terminal tubulin dimers. In this case, ‘step’ does not necessarily imply a
hand over hand model as suggested for conventional kinesin (Schief and Howard, 2001).
It only implies that a cycling between weak and strong binding states results in a
definitive movement in one particular direction. This ability to ;step’ along the MT may
be inhibited when MCAK is associated with the lattice due to it being in an ‘inactive’
conformation. This conformation may result from an interaction between the C-term tail
region and another region of the protein (analogous to conventional kinesin (Coy etal.,
1999; Hackney and Stock, 2000)). We propose that clipping the C-term from MCAK
allows the motor to take periodic ‘steps’ or perform a periodic ‘power stroke’ in a
particular direction along the MT lattice. if MCAK diffuses along the MT lattice via
simple Brownian motion, this ‘stepping’ may allow the motor to definitively travel in a
particular direction along the MT which results in a biased distribution of the motor. The
model does not suggest that MCAK targets one end of the MT preferentially over the

other, just that biased diffusion in either direction is more likely with the C-term

truncation.

In order to test this proposed mechanistic difference, that may allow MCAK-Q710 to
reach the ends of MTs more quickly than wt-MCAK, we employed a mathematical model
based on our data from the 2 shorter MT lengths. To obtain the most accurate solution we
chose the most consistent MT lengths. The 5 and 15um MTs exhibited the most uniform
MT length with greater certainty that MT bundles were eliminated (data not shown).
Since our purpose was to compare the results of the mathematical model based on our
ATPase assays to the results of the MT pelleting assays, we focused on the first 16

minutes of our ATPase assays.

We chose to begin by looking purely at the rates of phosphate release. By doing this, we
were able to eliminate any errors in comparison resulting from slight shifts in the curves
due to background noise. We fit our same ATPase data to polynomials, again using least
squares analysis (Fig. 6a and b). To identify the rates at which ATPase activity was
| occurring, we differentiated these equations with respect to time and then examined the

differences in these rates of depolymerization. Thesé and the following values are shown
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Figure 6: Influence of differences in the
ATPase rate on movement via Brownian
motion. (A) and (B) illustrate the ATPase values
for 5 and 15um MTs fit to polynomials. These
equations were differentiated to evaluate the rate
differences between wt-MCAK and MCAK-
Q710. (C) is a plot of the equation describing the
probability distribution associated with one-
dimensional movement via Brownian motion for
various times and over a distance traveled along
the MT. At time=0, the probability of finding the
particle at a location x=0 is 1; As time
progresses, the particle begins to oscillate back
and forth. The probability of finding the particle
at some particular location along the MT is
illustrated by these curves. As time increases, the
bell shaped curves becomes more flat yet
remains symmetrical since Brownian motion
dictates that a particle has an equal chance of

moving in either direction.

in Table 2. The total difference in
ATPase activity (between wt-MCAK
and MCAK-Q710) was determined by
integrating this equation and evaluating
it from t=0 to t=960 (16min). This
integrated value was then divided by 960
to give an average ‘value of ATP
hydrolysis (per seconds) over a 16-
minute period. Given that these assays
were performed with 50nM active
motor, we divided 50 by the ATPase

average. This gave an estimated
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frequency of how often a single motor hydrolyzes a molecule of ATP (or takes a ‘step’,
assuming that ATP hydrolysis corresponds 1:1 to taking a ‘step’). Dividing 960 seconds
by this frequency, gave an approximate number of steps that a single motor would take in

16 minutes. Assuming an 8nm step size (the length of a tubulin dimer), we achieved an

approximate distance traveled in one direction via periodic ‘stepping’. Hunter et al. -

showed that MCAK was able to hydrolyze ATP at a maximal rate of 5 s™. In order to
subtract the time taken to take a number of ‘steps’ along the lattice, we divided the

approximate number of steps by five.

Table 2: Linear rate comparisons for wt-MCAK and MCAK-Q710. The equations for the linear rates of
phosphate release are derived from quadratic polynomials, fit to the ATPase data. The average difference
(between wt-MCAK and MCAK-Q710) in phosphate release is translated into a potential number of ‘steps’
taken by a single motor over a 16 minute time period. The distance traveled with this particular number of

‘steps’ and the time taken to for these ‘steps’ to occur, is also illustrated.

So how does this all fit together? It has been demonstrated that MCAK is able to target
MT ends in the absence of hydrolysable ATP (Desai et al., 1999). Hunter et al. proposed
that MCAK may glide in a one-dimensional fashion to target MT ends in either the ATP
bound state or the ADP.Pi bound state. This would account for the targeting of MCAK to
MT ends in the absence of hydrolysable ATP and also for the tight coupling of MCAK to

21

Table 2: '
MI motor t 960 ATPase
length ¥(?) ay(t) | gm0 _ ay,,(?) | f A dy() average
M P/ dt ‘
nM Pi/s dt dt 0 dt M Pl
Spm wt-MCAK 4 10*C+4.41+246 -8 10%t+44 -32 10+5.9 4189.44 4.36
MCAK-Q710 | -20 104+10.3t+1169.8 | -40 10*:+10.3
15pum wt-MCAK -6 10°°+5.6t-407.9 -12 10%+5.6 -28 10%+6.6 5045.76 526
MCAK-Q710 | -20 10%%+12.2t+775.9 | -40 10*:+12.2 )
MT length avg. frequency of steps taken in 16 distance traveled time spent to take
steps for single min. by single with 8nm step steps
motor motor
(in seconds) (in nm) (in seconds)
Spm 11.47 83 664 16
15pm 9.5 101 808 20




the MT lattice in the absence of nucleotide (Maney et al., 1998; Wordeman et al., 1999).
With this in mind, we considered a mechanism that would account for this gliding
behavior along the MT lattice in the absence of ATP hydrolysis. A small particle
suspended in liquid will perform erratic movements due to collisions with molecules in
the solution. This behavior was described theoretically by Einstein (Einstein, 1906). If
MCAK is tethered to the MT lattice via electrostatic interactions (Ovechkina et al., 2002),
the motor will be less likely to diffuse away from the MT but still able to diffuse one
dimensionally along its lattice in a random walk. This movement outward from a point
due to Brownian motion cannot be described definitively, but instead by a probabilistic

distribution according to the following equation (Astumian, 1997; Berg, 1983):

x2

e 4Dt
f(x,0)= W Equation2

where x is the location of the particle, ¢ is time and D is the diffusion constant for the
particle. An example of these distributions is illustrated in Fig. 6¢ for various values of ¢
along the length of a MT. We took the diffusion constant to be 7000 nm’s'.‘, as was
determined experimentally by Hunter et al. We considered the probability of a single
motor reaching the end of the MT (starting from the center) via simple Brownian motion
(at a fixed time) verses the probability of a motor reaching the end via biased Brownian
motion due to periodic ‘stepping’ in one direction. We compared these probabilities for
wt-MCAK and MCAK-Q710 réspectively, as a measure of the their comparable
efficiency of depolymerization since both motors appear to have end-stimulated MT
depolymerization activity. The results are in Table 3 alongside a comparison of
depolymerization from the pelleting assays. The respective efficiency between wt-MCAK
and MCAK-Q710 prediéted from our model is almost identical to that obtained
experimentally from the pelleting assays. This suggests that MCAK-Q710 may in fact
exhibit greater biased movement along the MT lattice toward the end, which may account

for its increased rate of MT depolymerization.
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Table 3:

- L % wt/Q710 % wt/Q710
MT length ' f St (x)dx J2 fQ710(x)dx probabilities free tubulin
—oo — from model from pellets
Spm 0.2476 0.3067 80.7 84
15um 0.0204 } 0.0325 62.46 63

Table 3: Efficiency comparisbn between wt-MCAK and MCAK-Q710. Efficiency in end targeting was
acquired by integrating equation 2 over the range —oo to //2 where /is the length of the MT. For MCAK-

Q710, before integrating, the curve was shifted to account for the number of ‘steps’ possibly taken by the -

truncated motor. The time taken (in terms of the ATP hydrolysis cycle) to perform these steps was also

accounted for.

Figure 7:

€—ATP—3
hydrolysis qem

Figure 7: Proposed model of the difference
between wt-MCAK and MCAK-Q710. (A)
illustrates how free tubulin may stimulate
ATPase activity with both wt-MCAK and
MCAK-Q710. With wt-MCAK, the interaction

between the intact C-term and the tubulin end

may release its ATPase inhibition and allow
association and ATPase activity ih the presence
of free tubulin. In the absence of the C-term,
MCAK-Q710 freely associates with free tubulin,
which promotes ATP hydrolysis. (B) illustrates
how wt-MCAK oscillates back and forth along
the MT in a weak-binding state until it finds an
end, at which time the C-term associates with
that end and ATPase activity is uninhibited. (C)
illustrates how MCAK-Q710 may

interact with the MT. While it may primarily oscillate in the loose binding state (single arrow head), similar

to wt-MCAK, it may also be able to accomplish a number of steps in a definitive direction that may
promote its quicker targeting to the MT end (double arrow head). This quicker end targeting may contribute

to the slight increase in MT depolymerization.




Discussion

We have identified a region in the C-term of the MCAK protein that contributes to partial
inhibition of its MT depolymerization activity. The specific region was mapped to the
final eight of the primary amino acid sequence. Quantitative methods were used to
determine that MCAK constructs lacking these final amino acids showed an ~25%
increase in MT depolymerization for cells cultured in the presence of the MT stabilizing

drug, paclitaxel.

These studies were all performed with MTs artificially stabilized with paclitaxel. The
“variation in MT depolymerization of transfected cells cultured without paclitaxel was
difficult to identify. This suggests that both wt-MCAK and MCAK-Q710 are very
efficient depolymerizers. However, stabilization of the MTs served to elucidate
mechanistic differences between these two motors, which may in turn provide more

insight as to how wt-MCAK functions in cells.

In order to determine if the difference in depolymerization was due to properties intrinsic
to the protein or due to intracellular interactions, both wt-MCAK and MCAK-Q710 were
purified and compared in ir vitro depolymerization assays. It was observed that MCAK-
Q710 displayed enhanced MT depolymerization in vitro as well as in vivo when
compared to wt-MCAK. In addition, pelleting assays resulted in more MCAK-Q710
associated with the tubulin pellet (which corresponds to assembled tubulin polymer)
where as wt-MCAK appeared to associate more with the supernatant (which consists of
free tubulin dimers and unbound motor). Enhanced MT affinity of MCAK-Q710 would
be consistent with conventional kinesin, which has been shown to have a higher affinity
for MTs in the absence of its C-term tail domain and in the presence of ATP (Hackney
and Stock, 2000). ‘ -

To test if the concentration of MT ends contributed to the difference in MT

depolymerization between these two motors, we performed pelleting assays using 3
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different. MT lengths. We observed that both motors displayed enhanced MT
~ depolymerization with the presence of shorter MTs (in comparison to assays with longer
MTs), and by extension, with the presence of more ends. This suggests that MT
depolymerization is end stimulated for MCAK-Q710 as well as wt-MCAK.

To determine a mechanism that would explain the enhanced activity of MCAK-Q710, We
performed ATPase assays with both motors. Hunter et al. showed that ATP hydrolysis is
stimulated by free tubulin, the MT lattice and most significantly by MT ends. However,
both motors exhibited nearly identical tubulin-stimulated ATPase rates. These data
suggest that the enhanced activity was not due to more efficient tubulin dissociation. |
- Interestingly, the two motors exhibited a significant difference in the ATPase activity
stimulated by assembled MTs. For every MT length, MCAK-Q710 had a higher rate of
ATPase activity. And this difference was increased as the length of the MTs increased.
This data was fit to a growth curve that models both sigmoidal and exponential
association of a molecule to a substrate (Equation 1). Longer MTs resulted in sigmoidal
growth patterns according to this equation for both MCAK-Q710 and wt-MCAK (Table
1). This indicated that there was delay in at least one of the components contributing to
ATP hydrolysis in the presence of long MTs. Presumably, the delay is coming from end
stimulated ATP hydrolysis. This is sugges.ted by the fact that the delay is coupled to the
length of the MTs and because MCAK is believed to diffuse along the lattice to the MT
ends (Hunter et al., 2003). It is also of interest to note that the point of inflection (POI)
occurs further out in time for wt-MCAK as compared to MCAK-Q710 (where applicable
for both). This suggests that all motor/MT interactions have not yet occurred until that
pbint. This pattern of delayed reaction is also consistent within wt-MCAK experiments
with MTs of different length (the POI for longer MT's occurs further out in time than for
short). These results support the idea that there may be a diffusional component coupled

“to MT depolymerization and that the C-term of MCAK may contribute to the inhibition
of that diffusion.

A numbers of motors (kinesin and myosin II) have been shown to exist in an inactive

state (in which the tail folds in on the motor to prevent activity) and an active state
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(where the protein unfolds and the tail interacts with other molecules in the system)
(Alberts et al., 2002; Hackney and Stock, 2000). In the case of conventional kinesin,
electron microscopy and sedimentation analysis suggest that inhibition of ATP hydrolysis
is due to tail and neck/head (motor) interactions (Coy et al., 1999; Hackney and Stock,
2000). In the folded conformation, the tail mediates inhibition of ADP release (the rate
limiting step in the kinesin ATP hydrolysis cycle) (Hackney, 1988; Hackney and Stock,
2000). This ADP release inhibition also promotes a weak net affinity for MTs in the
presence of ATP (Hackney and Stock, 2000). Although our assays cannot resolve
possible conformational differences of MCAK, our data does suggest that the C-term of
MCAK may act in 2 manner analogous to the C-term of conventional kinesin. Absence of
the MCAK C-term results in an increased rate of MT depolymerization in vivo and in
vitro. In vitro depolymerization assays also show that MCAK-Q710 may have a higher
affinity for MTs. ATPase assays demonstrate that both wt-MCAK and MCAK-Q710
have nearly identical tubulin-stimulated ATPase rates. However, the presence of MTs
results in a significant increase in ATP hydrolysis with MCAK-Q710 in comparison to
wt-MCAK. Moreover, as the concentration of the MT lattice increases, the difference in

ATPase activity between wt-MCAK and MCAK-Q710 becomes more pronounced.

We propose that analogous to conventional kinesin, MCAK may exist in 2
conformations: folded (inactive) and unfolded (active). The C-term of MCAK may
contribute to keeping the motor in the folded conformation when not at the ends of MTs
to inhibit excess ATP hydrolysis along the lattice (where depolyfherization does not take
place). It has been suggested that MCAK may remain loosely tethered to the MT lattice
via electrostatic interactions in either the ATP or ADP.Pi state (Hunter et al. 2002;
Ovechkina et al. 2002). This loose tethéring may prevent MCAK from diffusing away
from the MT but would not interfere with its 1-dimensional diffusion along the lattice to
the MT ends via simple Brownian motion. The end of the MT has been shown to be the
strong binding site for MCAK. We propose that MCAK’s binding to the exposed end of
the terminal tubulin dimer of a MT releases its ATPase inhibition. This would explain
why MCAK, unlike other kinesins, has a tubulin-stimulated ATPase activity. Whereas

conventional Kinesin uses cargo binding to release ATPase inhibition, MCAK may use
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the binding of its C-term to the end of a tubulin dimer. Upon association with free tubulin
(or the exposed end of a terminal tubulin dimer), MCAK’s ATPase activity would be
uninhibited, resulting in ATP hydrolysis in the presence of free tubulin. The idea of end
binding and inhibition release is supported by the results of our ATPase assays for wt-
MCAK and MCAK-Q710 in the presence of free tubulin. It was found that the ATPase
activity for both motors was virtually equal (in the presence of free tubulin). According to
our hypothesis, wt-MCAK would be able to associate with the ends of the free tubulin
and release ATPase inhibition. The absence of the C-term in MCAK-Q710, would allow »

the truncated protein to associate freely with free tubulin because its ATPase activity is

always uninhibited.

We considered the model proposed by Hunter et al. in which they explained a potential
depolymerizationv mechanism for MCAK. Their model states, in part, that MCAK is a -
prqcessivé depolymerizer and that it is able to processively ‘step’ away from the MT end
as it destabilizes the terminal tubulin dimers. The ability of MCAK to be processive can
potentially explain the enhanced activity of MCAK-Q710. f MCAK’s processive ability
is promoted by the binding of the C-term tail to the end of the terminal tubulin dimer of a
MT, then the absence of the tail (MCAK-Q710) may result in partial processivity of the
motor along the lattice. By examining the differences in the rates of depolymerization
between wt-MCAK and MCAK-Q710, we were able to translate the enhanced phosphate
release from the experiments with MCAK-Q710 into a potential number of steps taken by
a single motor in a similar assay. Evaluating the probability distribution of a particle
performing Brownian movement, we were able to compare MT end-targeting efficiency
based on simple Brownian motion. A comparison was made between a particle traveling
from the center of a MT and one traveling from a point determined by a potential number
of steps taken that corresponded to the aforementioned difference in phosphate release.
These scenarios corresponded to the proposed movement of wt-MCAK and MCAK-
Q710, respectively. A comparison of the efficiency of end targeting between wt-MCAK
and MCAK-Q710 closely mimicked the comparison of depolymerization between the

two motors based on our pelleting assays. These data taken together suggest that partial
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processivity of MCAK-Q710 along the lattice may result in enhanced end targeting and

hence, increased MT depolymerization.

Therefore, we propose that MCAK may exists in an active and inactive state, which is
determined by the interaction between the C-term tail and another, yet determined,
domain of the motor, which is presumably near the head as is seen with other motors
(Alberts et al., 2002; Hackney and Stock, 2000). In this inactive state, MCAK is able to
diffuse along the MT lattice via Brownian motion and target the MT ends. Strong binding
to the end, via the tail, allows the motor to exist in the open conformation and
processively depolymerize MTs. MCAK-Q710 may exhibit increased MT
depolymerization because it is not restricted by the closed conformation caused by the
tail. The open conformation of MCAK-Q710 may allow its motion along the MT lattice
to be biased in a particular direction because of its ability to periodically step along the
MT lattice. In this way, MCAK-Q710 may have an increased probability of reaching the

MT end and therefore an increase in MT depolymerization.

Although we propose that MCAK-Q710 may take periodic steps in one direction along
the MT, there remains strong evidence that this mutant, analogous to wt-MCAK, depends
on loose tethering to the MT lattice to maintain efficient depolymerization. In pelleting
assays where salt concentrations were markedly increased, both wt-MCAK and MCAK-
Q710 were significantly diminished in their ability to depolymerize MTs (data not
shown). For this reason, we believe that MCAK-Q710 has a limited ability to step along
the MT and still relies on gliding, similar to wt-MCAK. This is consistent with the results
from Hunter et al. in which they believe that wt-MCAK is able to processively
depolymerize MTs but only up to approximately 20 dimers before the motor dissociates
from the MT lattice. However, even with this limited ability to potentially step along the
MT, the ability of MCAK-Q710 to take a few definitive steps in either direction may
contribute to a slight increase in its efficiency in MT end targeting and ultimately, it’s

rate of MT destabilization.
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Summary
We report here the mitotic regulation of the Kin I kinesin MCAK by the Aurora

B kinase. Aurora B and MCAK colocalise with centromeres in mono-oriented
chromosomes but are separated in bioriented chromosomes under tension. In vitro,
AuroraB phdéphorylates three highly conserved Ser residues in the N-terminus of
MCAK. Phosphorylation by Aurora B inhibits MCAK's in vitro microtubule
depolymerising activity. In vivo, an MCAK S —)E mutant has reduced microtubule o
| depolymerisation activity. Depletion of Aurora B by RNAI or expression of an
Aurora B-KR dominant negative mutant prevented centromeric targeting of MCAK
and inhibited MCAK phosphorylation. Aurora B depletion also decreased sister- '
centromere tension across mitotic centromeres and caused aberrant spindle
morphology, consistent with a loss of MCAK activity at the centrbmere. These
results suggest that Aurora B is required for MCAK targeting to centromeres and for

the regulation MCAK activity in the mitotic spindle.
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Introduction

Accurate chromosome segregation requires the attachment of microtubules from
ofposing spindle poles to kinetochores formed on sister chromatids. Bipolar
" attachment of chromosomes to the mitotic spindle during prometaphase requires a
functioning kihetochore. The Aurora B kinése, and its associated binding partners
INCENP and survivin appear to play a critical function in this process. Mutations in
the yeast Aurora B homologue, Ipll, generate stably mono-oriented chromosomes
that fail to resolve (He et al., 2001; Tanaka et al., 2002). In Drosophila and C. elegans,
Aurora B RNAI cells possess aberrant prometaphase-like mitotic spindles that fail to
align their chromosomes on the metaphase plate and subsequently develop
significant aneuploidy due to chromosome nondisjunction (Adams et al., 2001b; Giet
and Glover, 2001; Kaitna et al., 2000; Oegema et al., 2001). Introduction of dominant
negative mutants of the Aurora B kinase or small molecule inhibitors into
mammalian cells also causes similar phenotypes (Ditchfield et al., 2003; Hauf et al.,
2003; Murata-Hori and Wang, 2002). Together, these results suggest that Aurora B
complex pléys a critical role in establishing bipolar chromosorﬁe attachment and that

this function is highly conserved.

Aurora B, INCENP, and survivin all beha;re as chromosome passenger proteins
(Adams et al., 2001a; Wheatley et al., 2001), localizing bétween sister chromatid
centromeres in the inner centromere from late G2 through to metaphase (Cooke et
al,, 1987). As chromosome segregation initiates, the complex leaves the inner
centromere and concentrates on the central spindle microtubules where it has
further functions in cytokinesis (Adams et ai., 2001b; Giet and Glover, 2001; Kaitna et
al., 2000; Oegema et al., 2001). In yeast, the Aurora B/Ipllp complex phosphorylates
a number of inner and outer kinetochore proteins (Biggins et al., 1999; Cheeseman et

al., 2002). Aurora B also phosphorylates the centromere-specific histone H3 variant
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CENP-A (Zeitlin et al., 2001), as well as histone H3 localized throughout the
chromosome (Hsu et al., 2000; Murnion et al., 2001). The concentration of the
Aurora B complex at the inner centromere and its interaction with kinetochore

components suggest that it may regulate the interactions between kinetochores and

microtubule ends.

One possible substrate for the Aurora B complex is the Kin I kinesin
homologue MCAK/XKCM1. Unlike conventional kinesin-like proteins, Kin I family
members have their motor domains in the central portion of the molecule and use
the hydrolysis of ATP to depolymerise microtubule ends (Hunter et al., 2003; Hunter
and Wordeman, 2000; Wittmann et al., 2001). This activity Iﬁlays a critical role in the _
assembly and function of the mitotic spindle. In Xenopus egg extracts, depletion of
the Xenopus homologue XKCM1 decreases the catastrophe rate of microtubule ends
and causes chromosomes to misalign on the mitotic spindle (Desai etal., 1999;
Walczak et al., 2002). In mammalian cells, depletion of MCAK by antisense DNA |
inhibits anaphase A (Maney et al., 1998). MCAK/XKCML1 is localized to
centromeres in early prophase and remains there throughout mitosis, and thus are
ideally positioned to drive chromosome movement by promoting the
depolymerization of microtubule ends attached to the kinetochore (Ovechkina and
Wordeman, 2003; Walczak et al., 1996; Wordeman et al., 1999). In fissioﬁ yeast the
Kin I-related Klp5 and Klp6 are required for both microtubule attachment and

generation of tension (Garcia et al., 2002).

A critical unanswered question is how MCAK/XKCMT1 activity is regulated.
As a regulator of microtubule end catastrophe, soluble MCAK /XKCM]1 can affect
the average length of spindle microtubules in Xenopus egg extracts (Walczak et al.,
1996). However, MCAK/XKCMT1 also functions during chromosome alignment,
suggesting that the activity of kinetochore-bound MCAK/XKCM1 might be tightly
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regulated during the process of attachment of chromosomes to the spindle
microtubules and as chromosomes undergo saltatory motion in prometaphase and
metaphase (Rieder and Salmon, 1994; Skibbeﬁs et al,, 1993). To explore this
possibility, we have examined the interactions between the Aurora B complex and
MCAK in vivo and in vitro. We find that the mitotic Aurora B complex is a critical
regulator of MCAK localization and function in vitro and in vivo. When Aurora B
function is inhibited in vivo, we observe a number of phenotypes that suggest that
the Aurora B complex plays an essential role in centromere and kinetochore

function.
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Results

Dynamic colocalisation of Aurora B and MCAK

Independent immunofluorescence studies have previously shown Aurora B and
MCAK localised to centromeres of mammalian chromosomes from late prophase of
the cell cycle to until the metaphase-anaphase transition (Adams et al., 2001a; Maney
et al,, 1998). During anaphase MCAK remains centromere-associated throughout
telophase while Aurora B relocalises to the spindle midzone. We re-examined the
~ localisation of Aurora B and MCAK at pre-anaphase stages of mitosis in HeLa célls
using high-resolution deconvolution microscopy. During prometaphase, Aurora B
and MCAK colocalised in chromosomes not attached to the spindle or mono-
oriented (attached to kinetochore fibres from one pole only; Fig. 1A). The ACA
antiéen, a marker for centromeres, also localised with Aurora B aﬁd MCAK. During
prometaphase, biorientation of sister kinetochores results in the generation of
tension across the centromere (Waters et al., 1996). We found two distinct types of
Aurora B/MCAK co—ldcalization in prometaphase cells. In centromeres under
tension (as judged by the distance between ACA staining sites), Aurora B and
MCAK were only partially colocalized, whereas centromeres not under tension still
showed significant colocalisation. (Fig. 1B). However, in chromosomes at the
metaphase plate, MCAK ‘concehtrated at two sites that partially colocalize with ACA
staining but that were distinct from the strictly inner-centromeric localisation of
Aurora B (Fig. 1C). MCAK and Aurora B also colocalised in cells treated with
nocodozole and taxol (data not shown). The localization of MCAK is therefore
dynaﬁic, initially colocalizing with Aurora B following assembly of mitotic
chromosomes, but then becoming distinct from Aurora B as tension develops across

sister kinetochores.
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Aurora B phosphorylates MCAK in vitro

We next tested whether the Aurora B complex might phosphorylate MCAK in
vitro. Recombinant full length MCAK was incubated in the presence of **P-y-ATP
and mitotic Aurora B complex isolated from Xenopus chrorﬁosomes. We chose this
strategy because we have failed to produce recombinant Aurora B complex that has
the same activity and properties as the mitotic complex (Murnion et al., 2001), data
not shown). Figure 2A shows that MCAK was phosphorylated in vitro by mitotic
Aurora B complex. Kinase activity was not detected towards MCAK using
interphase Aurora B or control IgG beads (Fig. 2A). These results suggested MCAK
might be phosphorylated in a cell cycle-dependent manner by Aurora B.

Previously we have defined regions within the N-terminus of MCAK necessary
for correct localisation and microtubule depolymerisation activity in vitro and in vivo
(Maney et al., 2001; Ovechkina et al., 2002). We tested a subset of our deletion
mutants and a series of site-directed mutants in a basic region close to the motor
domain, that we previously defined as critical for microtubule depolymerising |
activity (Maney et al., 2001; Ovechkina et al., 2002) (schematically shown in Fig. 2B).
We found that A182-S583 MCAK, representing the minimum MCAK construct with
microtubule depolymerising activity, was the only one of the N-terminally
truncated / mutated constructs to retain its ability to act as an Aurora B substrate in
vitro (Fig. 2C). Deletion of the neck region (D218-5583 or 1253-S583 MCAK)
abolished detectable MCAK phosphorylation by the Aurora B complex (Fig. 2C, D).
To further define the requirements for phosphorylation of MCAK, we tested an
MCAK mutant in which several of the Lys and Arg residues in the neck region were
mutated to Ala (A182-Ala-S583; Fig 2B-D; see Fig. 5 in ref (Ovechkina et al., 2002) for
more details). These residues are essential for microtubule depolymerising activity

and are postﬁlated to be directly involved in binding the C-terminal acidic tail of
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tubulin (Niederstrasser et al., 2002; Ovechkina et al., 2002). These mutations
abolished detectable phosphorylation by the Aurora B complex. To determine if this
result was simply due to an effect of the change in basic character of this region, we
substituted this region of A182-5583 MCAK with a lysine-rich loop dedved from
KIF2 (A182-K-loop-D218-S583 MCAK (Ovechkina et al., 2002)). This substitution
restores high levels of microtubule depolymerising activity, but not phosphorylation

by the Aurora B complex.

Identification of Aurora B phosphorylation sites on MCAK

We next identified the sites in MCAK phosphorylated by the mitotic Aurora B
complex. In pilot studies we incubated recombinant MCAK and *P-y-ATP with
interphase or mitotic Aurora B complex, or with recombinant yeast Ipllp /Sli15p
complex and then analysed *P-labelled tryptic peptides from MCAK by reverse-
phase HPLC. Consistent with the results in Figure 2, interphase Aurora B complex
produced no significant *P-labelled phosphopeptides (data not shown). The
phosphopeptides generated after incubation with the mitotic Aurora B complex
appeared similar to those obtained with recombinant yeast Ipllp/ slil 5p (data not
shown). In all these experiments, as expected from inspection of MCAK's primary
amino acid sequence, trypsin was found to genefate a significant number of very
short MCAK’ peptides, several of which were radiolabelled. To simplify the
spectrum of MCAK peptides we used Lys-C for proteolytic cleavage. HPLC analysis
of Lys-C-digested MCAK phosphorylatéd by Aurora B produced three distinct |
peaks of radioactivity (Fig. 3A), which were then characterized using a combination
of Edman sequencing and MALDI-TOF (Fig. 3B). The identity of each of the LysC
peptides is shown in Figure 3B. Peak 1 corresponded to phosphorylation at Ser 92,
while Peak 2 corresponded to phosphorylation at Ser 186. Peak 3 corresponded to
phosphorylation at either Ser 106, Ser 108 or Ser 112, but MALDI-TOF analysis
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verified that for any one peptide, only one of these three serines residues was
phosphorylated. Comparison of the integrated peak heights from the HPLC analysis
indicates that Peak 3 sites are less well phosphorylated in MCAK. The Aurora B
sites in MCAK conform to the loose consensus sequence derived from analysis of the
limited number of bona fide Aurora B family substrates (Fig. 3C; (Cheeseman et al.,
2002)). Alignment of MCAK and its orthologues with the closely related KIF2
kinesins within this N-terminal region reveals that the Aurora B phosphorylation
site at Ser 92 is highly conserved between hamster and human MCAK and Xenopus
XKCM1 (Fig. 3D). In addition, this site (with a threonine substituting for the serine)
is found in KIF2 kinesins. In all orthologues, this site contains basic residues in the
P-1, P-2 and P-3 positions and often a hydrophobic residue in the P+1 position (Fig.
3D). The residues surrounding Ser186 are similarly conserved (Fig. 3D).
Significantly, mutation of the basic residues immediately N-terminal to Ser186
dramatically decreased MCAK phosphorylation by the mitotic Aurora B complex
(Fig. 2C). The sequences around the alternatively phosphorylated Ser 106, Ser 108
and Ser 112 residues are also highly conserved in MCAKs (Fig. 3D). One exception

is Ser 106, which is a glutamate in the equivalent position in XKCM1.

Aurora B is a major mitotic MCAK kinase

We next tested whether MCAK might be a substrate for Aurora B in vivo by
assaying the migration of MCAK in 2D gels. Total cellular lysates from nocodozole-
arrested cells treated were separated by 2D gel electrophoresis and then
immunoblotted with anti-MCAK. Treatment of lysates with A phosphatase caused a
significant change in MCAK migration from a pl of ~6 to a plI of ~8, which coincides
with the predicted pI of unmodified MCAK (Fig. 4A). This result suggests that most
of the phosphate moieties were removed by phosphatase and that MCAK is
phosphorylated in vivo during mitosis (Fig. 4A). We next depleted Aurora B from
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HelLa cells using RNAi. Immunoblots of 2D gels of lysates probed with anti-Aurora
B antibody revealed a significant depletion of the enzyme in total cell lysates (Fig.
4B, bottom panel; the effects of Aurora B RNAi are more fully characterized in
Figure 7). Probing the identical immunoblots with anti-MCAK antibody showed
that Aurora B RNAi caused a dramatic shift in the mobility of MCAK, again to a pI
of ~8 (Figure 4B, top panel). Since the migration of MCAK on 2D gels after Aurora B
depletion is similar to that observed when MCAK was dephosphorylated in vitro, we

conclude that Aurora B is a major mitotic MCAK kinase in vivo.

Aurora B phosphorylation inhibits the activity ofMCAK

We next assayed the microtubule depolymerising activity of MCAK-
phosphorylated by the mitotic Aurora B comi)lex in an in vitro microtubule
sedimentation assay. In the absence of MCAK, the vast majority of tubulin from the
taxol-stabilized microtubules sedimented in the pellet (Fig. 5A, lanes 5-8). MCAK
incubated with control beads, retained full depolymerisation activity (Fig. 5, lanes 3,
4). In contrast, the depolymerisation of MCAK phosphorylafed by the Aurora B
complex was significantly reduced (Fig. 5A, lanes 1, 2), suggesting that thev in vitro
phosphorylation by Aurora B inhibits the microtubule depolymerising activity of
MCAK. Similarly, we show that phosphorylation of MCAK with a mixture of
recombinant Ipl1p (budding yeast Aurora B) and Sli15p (budding yeast INCENP),
again dramatically reduces MCAK's in vitro microtubule depolymerising activity

(Fig. 5B, lanes 1,2).

To assess the function of MCAK phosphorylation in vivo, we transfected HeLa
cells with GFP-MCAK constructs bearing mutations in the phosphorylation sites we
identified in Figure 3 and then measured the amount of polymerized tubulin present

. in transfected cells (Ovechkina et al., 2002). All constructs bearing single S>A or
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S-E mutations efficiently depolymerised microtubules in this in vivo assay (Table 1).
Mutating the block of phosphorylation sites from Ser106 — Ser112 also had no effect
on microtubule depolymerisation. The double mutant S92A;5186A also possessed
activity in distinguishable from wild-type MCAK. However, the double mutant
S92E;S186E, which mimics the phosphorylation of both of the major sites we
identified in vitro (Fig. 3), significantly inhibits microtubule depolymerisation (Table
1). We therefore conclude that phosphorylation of MCAK in vitro and in vivo
inhibits its ability to depolymerise microtubules, possibly by affecting the interaction

 of the enzyme with the microtubule lattice.

Aurora B targets MCAK to centromeres

We next assayed the effects of modulating Aurora B function in vivo. Transient
expression of the “kinase-dead” KR mutant of Aurora B causes defects in
chromosomal movement, spindle structure and dynein/ CENP-E localisation
(Murata-Hori and Wang, 2002). Cells were transfected with CFP fused to either wild
type Aurora B or Aurora B-KR and co-transfected with YFP fused to full length
MCAK (YFP-FL MCAK) or to a construct bearing a deletion of the MCAK motor
domain (YFP-ML MCAK; (Ovechkina et al., 2002)). After transfection with wildtype
CFP-Aurora B, YFP-FL MCAK localisation was indistinguishable from the
endogenous protein (Fig. 6, left columns). Transfection with CFP-Aurora B-KR,
caused YFP-FL MCAK to dramatically delocalise in both prometaphase and
metaphase cells, relocating from the inner-centromere to the cytoplasm and to a
certain degree the spindle and spindle poles (Fig. 6, right columns). A similar effect
was observed on endogenous MCAK in cells that did not contain detectable YFP
signal (data not shown). YFP-ML-MCAK was also delocalised by CFP-Aurora B-KR

(Fig. 6). This result suggested that Aurora B kinase activity, apparently directed
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towards the N-terminus of MCAK, is required for correct MCAK localization,
Centromere targeting is iﬁdependent of the MCAK motor domain and therefore

iﬁdependent of the microtubule depolymerisation activity of MCAK.

Depletion ofAilrard B by RNAi delocalises MCAK and causes centromefe and
mitotic spindle defects 4

To further explore the role of Aurora B in MCAK function, we depleted Aurora
B by RNAi in HeLa cells and assayed MCAK localisation. The siRNA duplex used |
significantly decreases Aurora B protein levels within 10 to 24 hours. Figure 7A
shows representaﬁve prometaphase and metaphase cells from four independent
experiments, 12-18 hours post-transfection using Aurora B siRNA or control
(scrambled) siRNA duplexes. In control RNAI experiments, (Fig. 7A) both MCAK
and Aurofa B localisation and levels were identical to those in untransfected cells. In
cells transfected with Aurora B siRNA, we found mitotic cglls with Aurora B levels
as low as less than 1% of control levels (Fig. 7A, lower panels). We also observed a
proportion of the mitotic cell population with Aurora B levels ranging from 1% to
30% of controls, presumably due to differences in transfection efficiency. The mean
depletion of Aurora B as assayed by quantifying fluorescence signal was 76.9 +
19.6% (N = 15; also see Fig. 4B). In cells with at least 90% Aurora B depletion, we
detected no significant change in total cellular MCAK (Fig. 7A). Instead, after
Aurora B depletion, MCAK was no longer concentrated at its normal centromeric
localisation position, but instead was now localized throughout the cytoplasm.

Sorhe MCAK appeared to decorate the mitotic spindle (Fig. 7A).

Interfering with Aurora B function by microinjection of anti-Aurora B antibodies
causes elongated microtubules and spindle defects in Xenopus cells in culture (Kallio

etal, 2002). After Aurora B RNAi, we also observed a significant effect on
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microtubule morphology and the mitotic spindle. Mitotic figures were observed
where chromosomes failed to completely congress to a compact, well-defined
metaphase plate (Fig. 7B). Similar phenotypes have been observed in many systems
after loss of Aurora B function (Adams et al., 2001b; Ditchfield et al., 2003; Giet and
Glover, 2001; Hauf et al., 2003; He et al., 2001 ; Kaitna et al., 2000; Oegema et al., 2001;
Tanaka et al., 2002) and are also remarkably similar to those observed after
micfoinjection of anti-XKCM1 antibodies into mitotic cells (Kline-Smith and
Walczak, 2002). We assayed the effect of MCAK delocalization by quantifying
tubulin fluorescence in the vicinity of the kinetochore. Figure 7C shows that
microtubule bundles near kinetochores are significantly denser after Aurora BRNAi
cells, suggesting increased microtubule stability at the kinetochore. In budding
yeast, the Aurora B homologue Ipl1p has been suggested to function in the tension-
sensing mechanism at centromeres (Biggins and Murray, 2001). We therefore
measured the distance between centromeres in Aurora B RNAi mitotic cells and
expressed this data as a frequency distribution (Fig. 7E). Aurora B RNAi leads to a
significant decrease in average centromere-centromere distances compared to
control cells, most likely because loss of Aurora B inhibits the localization of MCAK,
CENP-E (Murata-Hori and Wang, 2002) and possibly other factors required for force
generation at the kinetochore. The decrease in tension after Aurora B depletion we
observe is significant, but less than that observed when HeLa cells are treated with
taxol (see Fig. 7E, legend). This partial relief of tension may be due to presence of
other kinetochore factors that engage microtubules, although we cannot exclude the

possibility that residual Aurora B and MCAK generate this result.

Finally, we assessed the link between aberrant mitotic spindles and the
delocalization of MCAK after Aurora B RNAi. Close inspection revealed a

significant decrease in the average pole-to-pole distance after Aurora B RNAI (Fig.
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7C) most likely due to a significant disorganization of the microtubuies in mitotic
spindles, fesultiftg in defecti\}e chromosome positioning (Fig. 7F and supplemental
videos). We therefore measured the amount of tubulin in mitotic spindles, as
reported by immunofluorescence, and detected no change in tubulin polymer
between control RNAi and Aurora B RNAi cells. This suggests that delocalized
MCAK did not significantly change bulk microtubule behavior. We also measured
the proportion of MCAK localised to centromeres in normal mitotic cells by
immunofluorescence and found that this fraction represented 33.5 + 4.9% of the total
cellular MCAK. It seems unlikely that this population, if released into the cytoplasm
" would produce a significaﬂt change in microtubule polymer levels; These data
suggest that while MCAK may affect microtubules at kinetochores (Fig 7E), it may
not have a major effect on non-kinetochore microtubules in HeLa cells. Therefore,
we believe that the gross defects in spindle morphology observed by us and others

after disruption of Aurora B may be mediated by other substrates of Aurora B.
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Discussion

In this study, we present evidence that MCAK, a centromeric Kin I kinesin that
depolymerises microtubules, is a substrate for the Aurora B protein kinase during
mitosis. In cells depleted of Aurora B, MCAK appears to be largely
dephosphorylated, suggesting that Aurora B is a major MCAK kinase. Aurora B
phosphorylates MCAK in regions known to be required for centromere targeting.
Disruption of Aurora B function not only decreases MCAK phosphorylation but also
inhibits targeting of MCAK to the centromere. We observe a number of phenotypes
consistent with the loss of centromeric MCAK function, including an increase in
kinetochore microtubule density and a decrease in the amount of tension across
sister centromeres. Aurora B and MCAK colocalise on mitotic centromeres before
establishment of bipolar attachment, but become spatially separated when
centromeres are under tension. Together, these data and the fact that Aurora B is
also required for targeting of CENP-E in human cells (Murata-Hori and Wang, 2002)
and the function of a number of kinetochore proteins in yeast (Biggins et al., 1999;
Cheeseman et al., 2002), suggests that Aurora B plays a central role in regulating
kinetochore function in all eukaryotes.

MCAK is phosphorylated in vitro and in vivo by Aurora B ‘

Our results demonstrate, for the first time, the phosphorylation of a Kin I
kinesin and identify MCAK as a critical downstream effector of the Aurora B kinase.
MCAK was phosphorylated by Aurora B at two sites in the N-terminus and one in
the neck region. The first of these sites (Ser92) is conserved in most Kin I's and
represents a good consensus Aurora B phosphorylation site. In a second N-terminal
site, one of three different serines (Ser 106, Ser 108, Ser 112) was found to be
phosphorylated at any one time. To our knowledge this alternative site usage has

not been reported before for Aurora B. This region is less well conserved between
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members of the MCAK/KCM family, with one of the sites (Ser 108) being
substituted by Glu in XKCM1. Whether this is of functional significance remains to
be tested. In addition, only one of the sites (Ser 112) in this region is conserved in the
KIF2s. Both N-terminal sites lie within a region shown in mammalian MCAK and
Xenopus XKCMl to be important for centromeric localisetion (Maney et aJ., 2001;
Walczak et al., 2002). A third site was found in the neck region of MCAK. This basic
region has’been postulated to form a weak electrostatic interaction with the acidic C-
terminus of tubulin and may contribute to diffusional motility on the microtubule
lattice (Hunter et al., 2003; Niederstrasser et al., 2002; Ovechkina et al., 2002).
Phosphorylation of MCAK by Aurora B might therefore reduce the basic charge in
this critical domain. Phosphorylation of MCAK by Aurora-B inhibits MCAK
microtubule depolymerisation activity in vitro and mimicking phosphorylation with
point mutants inhibits depolymerisation in vivo (Fig. 4, Table 1). Thus, we postulate
that phosphorylation by Aurora B reduces MCAK's ability to depolymerise
microtubules, most likely by disrupting key electrostatic interactions between
MCAK and the carboxy-terminal tail of tubulin. The conservation of these Ser
residues in other Kin Is suggests a general mechanism for regulating the function of
these enzymes. Indeed, a Ser or Thr residue is often found C-terminal to the K-loop
in several KIFls, so phosphorylation may be a common mechanism for modulating

K-loop function.

Loss ofAurora B results in delocalisation of MCAK and spindle mzcrotubule defects
The phenotypes we observe after disruption of Aurora B function are most
consistent with a loss of MCAK activity (Figs. 6, 7), suggesting that Aurora B
positively regulates MCAK in vivo. Perfurbation of Survivin, a protein that binds and
regulates Aurora B activity increased resistance to nocodazole-mduced m1crotubu1e

depolymerlsahon, further suggesting that the Aurora B complex positively regulates
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microtubule dynamics (Giodini et al., 2002). Furthermore, the Aurora B-KR mutént
decreases chromosome movement in prdmetaphase (Murata-Hori and Wang, 2002). ‘
These data are all consistent with a role for Aurora B in regulating microtubule
dynamics and force generation at the kinetochore, although MCAK may be only one
of many Aurora B targets. Indeed, the Aurora B-KR mutant delocalises CENP-E, a
critical kinetochore kinesin-like motor (Murata-Hori and Wang, 2002).
Delocalization of MCAK from centromeres using an N-terminal dominant negative
fragment of MCAK does not affect CENP-E localization (Walczak et al., 2002).
Therefore Aurora B separately directs the centromere targeting, and thus the
function of MCAK and CENP-E. - Aurora B is required for the establishment of
bipolar orientation and may be involved in resolving merotelic attachments on
mitotic chromosomes (Hauf et al., 2003; Tanaka et al., 2002). As disruption of MCAK
function by microinjection of anti-MCAK antibodies into mitotic cells causes similar
chromosome alignment defects as interfering with Aurora B function, it seems
possible that Aurora B promotes biorientation and possibly merotelic resolution

through MCAK.

Paradoxically, direct Aurora B phosphorylation of MCAK inhibits its actiirity in
vitro, but disruption of Aurora B function in vivo leads to a phenotypic reduction of
MCAK activity. This is not simply a difference between in vitro and in vivo assays, as
the S92E;S186E MCAK mutant also shows reduced microtubule depolymerisation
activity in vivo. Aurora B appears to have two different effects on MCAK function.
First, MCAK phosphorylation inhibits depolymerisation of microtubules. Second,
Aurora B is required for MCAK localisation at centromeres and in the absence of
Aurora B, MCAK function appears to be decreased. Our assays of MCAK activity |
address its interaction with microtubule ends, but do not fully explain the

mechanism of MCAK function at centromeres. For instance, targeting of MCAK to
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centromeres may require an unknown factor that is sensitive to Aurora B activity,
either by phosphorylation on MCAK or on itself. In yeast at least, Aurora B is known
to phosphorylate many other kinetochore proteins (Biggins et al.,, 1999; Cheeseman
et al,, 2002). The in vitro assays probably lack other factors, so may not fully

recapitulate the in vivo consequences of Aurora B regulation.

It is clear that the relative localization of Aurora B and MCAK change during
prometaphase (Fig. 1). Furthermore, once attached to the mitotic spindle,
chromosomes display dynamic oscillatory movement, indicating rapid changes in
microtubule dynamics (Rieder and Salmon, 1994; Skibbens et al., 1993). We
speculate that the relative positions of Aurora B and MCAK in the inner centromere
and kinetochore could allow the switching of directional movement by
asymmetrically altering local microtubule dynaﬁﬁcs. Indeed, we find that Aurora B
depletion causes a partial loss of tension across metaphase centromeres (Fig. 7D) and
previous work suggests that Aurora B is required for the oscillatory movements of
mitotic chromosomes on the metaphase spindle (Murata-Hori and Wang, 2002). This
model is especially attractive when one considers the recent discovery that protein
phosphatase 1 (PP1), which antagonises Aurora B (Cheeseman et al., 2002; Hsu et al,,
2000; Sassoon et al., 1999) and also regulates its activity (Murnion et al., 2001), is
localised to the outer kinetochore in metaphase (Trinkle-Mulcahy et al., 2003). The
dynamic balance of phosphorylation of motors such as MCAK mediated by Aurora
B and PP1 might then regulate the dynamic movements of chromosomes in the

mitotic spindle.

A similar mechanism might operate during the establishment of bipolar
orientation where MCAK phosphorylation at the centromere might change as
tension develops (Fig. 8). Since loss of Aurora B function results in the appearance

of MCAK on the spindle microtubules (Figs.‘ 6 and 7A), we therefore speculate that
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centromeric MCAK is phosphorylated and localised by its proximity to Aurora B in
the absence of tension. At this point, MCAK activity is inhibited, possibly to prevent
reversal of the initial microtubule-kinetochore attachments. Once bipolar
attachment is established, MCAK and Aurora B separate, MCAK phosphorylation
decreases due to its proximity to PP1, and MCAK switches its affinity from
centromeres to microtubules. Concomitantly, MCAK activity increases, allowing it

to participate in force generation at the kinetochore.
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Experimental Procedures

Materials and Cell Culture
General laboratory reagents were purchased from Sigma or Merck. Microcystin-

LR was the generous gift of Dr. Carol MacKintosh (MRC Protein Phosphorylation
Unit, University of Dundee). HelLa cells were mainfained in DMEM supplemented
with 10% FBS (Sigma Ltd.), 2 mM glutamate and 10 U/ml Penicillin/Streptomycin
at 37°C, 5% CO,. Sheep anti-hamster MCAK polyclonal antiserum was produced via
standard immunization and bleeding protocols (Pocono Rabbit Farm & Laboratory
Inc, Canadensis, PA) using baculovirus-expressed hamster MCAK that was purified
as described (Maney et al., 1998) as the antigen. Antiserum was affinity purified on a
column conjugated with bacterially expressed human MCAK. Bacterial expression
protocol was performed as described (Ovechkina et al., 2002). Affinity purified
antibodies were eluted using 100 mM glycine pH 2.5 and neutralized with 1 M Tris-

HCl, pH 8.0.

Immunofluorescence Microscopy
For immunofluorescence, cells were trypsinised and plated onto 22 x 22 mm No.

1.5 coverslips, 18 hours prior to fixation. For fixation, coverslips were washed once
in 37°C PBS and then immersed in 3.7% formaldehyde in PBS pH 6.8 for 5 min at
37°C with occasional gentle mixing, after which time the fixation solution was
aspirated and a second bolus of fixative applied for a further 5 min at 37°C. Cells
were then rinsed in PBS-Triton X-100 (0.1%) and then permeabilised in PBS-
0.1%Triton X-100 for 10 min at 37°C with occasional gentle swirling. Cells were
blocked in AbDil (Cramer and Desai) supplemented with 0.1% normal donkey

serum for 1 hour at room temperature. Primary antibodies were diluted in AbDil.
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Anti-AIM1 (human Aurora B) monoclonal antibody (BD Biosciences) was used at a
1:200 dilution. Affinity purified sheep anti-human MCAK polyclonal antibody was
diluted to 1ug/ml. Rat anti-a-tubulin (Serotec) was used at a 1: 500 dilution.
Human CREST autoantisera (ACA; the generous gift of Professor Bill Earnshaw,
University of Edinburgh) was diluted 1:10,000. All second antibodies (labelled with

either FITC, Texas-Red or Cy5) were purchased from Jackson Laboratories.

3D data sets were either acquired using a MicroMax cooled CCD camera
(5MHz: Roper Scientific, USA), on a DeltaVision Restoration Microscope (Applied
Precision, LLC, WA, USA), built around a Nikon TE200 Eclipse stand, fitted with a |
100X/1.4N.A. PlanApo lens or using a CoolSnap HQ cooled CCD camera on a
Spectris Restoration Microscope built around an Olympus IX70 stand fitted with an
a 60x/1.4NA lens (Applied Precision, LLC, WA, USA). Opﬁcd sections were
recorded every 0.2 um. 3D data sets were deconvolved using the constrained
iterative algorithm (Wallace et al., 2001) implemented in SoftWoRx software
(Applied Precision tLC, WA, USA). Image data was quantified using SoftWoRx
software. Kinetochore tubulin density was quantified in single optical sections using
a9 x 10 pixel box positioned at the plus end of kinetochore fibres, to generate an
integrated pixel intensity value for over 20 individual fibres in control and Aurora B
RNAI pro/metaphase cells. ACA-ACA distances were measured for clearly
distinguishable metaphase centromere pairs using individual optical sections from
3D data sets from a large number of control and Aurora B RNAIi cells. Data was
expressed as a frequency distribution. Data was prepared for publication using

Microsoft Excel, Adobe PhotoShop and Adobe Ilustrator.
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Aurora B Kinase isolation, in vitro phosphorylation and phosphorylation site
identification ' :
Mitotic and interphase chromatin eluates (MCE and ICE respectively) were

prepared from chromatin and chromosomes assembled in vitro in Xénopus egg
extracts (Murnion et al., 2001; Swedlow, 1999) and used as a source of cell cycle-
regulated Aurora B kinase activity. Aurora B comﬁlex was immunoprecipitéted
from MCE or ICE using an affinity purified rabbit anti-Xaurora B polyclonal
antibody raised against a peptide (CTTPSSATAAQRVLRKEP) in the N-terminus of
Xenopus Aurora B conjugated to KLH (Field et al,, 1998). This antibody recognises a
single band on western blots and immunoprecipitates active Aurora B-INCENP
complex from MCE and inactive Aurora B-INCENP complex from ICE (Murnion et
al,, 2001); data ﬁot shown). Typicélly, 200 wl CSI_’ HSS or interphase HSS was used
to prepare 75 pl of chromatin eluates. The Aurora B kinase complex was
immunoprecipitated from 40 ul MCE or ICE using 15 g anti-Aurora B éntibody
coupled to 20 ul Affiprep Protein A beads (BioRad). After incubation for 1 hour at
4°C, the beads were washed with XBE2 (Murnion et al., 2001) and used immediately
in kinase reactions. Control immunbprecipitations were performed in parallel using
normal rabbit IgG bound to Affiprep Protein A beads. Bacterially expressed and
purified Ipl1p-GST and Sli15p-GST were the generous gifts of N. Rachidi, University
of Dundee. For in vitro phosphorylation studies, 2-4 pl Aurora B kinase beads were
incubated with 0.2 ug recombinant hamster MCAK (Maney et al., 2001), ina 20 ul
reaction buffer containing 2 pl [y-**P] ATP (10 mCi/ml: specific activity > 5000
Ci/mmol), 0.2 mM cold ATP, 1 x XBE2, 5mM MgCl,, 1 uM Microcystin-LR, for1l
hour at 22°C, with shaking. Kinase reaction were terminated with Laemmli sample
buffer, heatéd to 70°C for 5 minutes and subjected to SDS-PAGE using NuPAGE 4-
12% Bis-Tris gradient gels (Novex), run in MOPS running buffer under reducing

conditions. After electrophoresis, gels were stained with Coomassie, destained then
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either dried and subjected to autoradiography, or MCAK bands were excised.
Phosphorylation site analysis was performed (Lizcano et al., 2002), except that LysC

was used for enzymatic digestion. Normalised *P incorporation was measured by

* scanning of autoradiographs/protein gels and band intensities quantified and

normalised against protein levels using Aida Software (Molecular Dynamics).

2D gel electrophoresis
To detect modification of human MCAK, HeLa cells were synchronised in

‘metaphase with 10 pug/ml nocodazole (Sigma) for 18 hours. Whole cell extracts

(Feijoo et al., 2001) were dephosphorylated in vitro using A phosphatase (NEB), for 30
minutes at 30°C. Proteins were precipitated with TCA, rehydrated in sample buffer
supplemented with 50 mM DTT and appropriate ampholites. Isoelectric focussing
was performed overnight using a BioRad Protean IEF Cell System, employing pH 6-
11 Immobiline DryStrip isoelectric focussing strips (Amersham PLC). Proteins were
separated in the second dimension on NuPAGE 4-12% Bis-Tris IPG gels (Novex) run
in MOPS buffer (Novex). 2D gels were blotted onto Protrans nitrocellulose
membrane (Schleicher and Schuell). Human MCAK was detected using affinity
purified sheep anti-human MCAK antibody, anti-sheep VHRP (Diagnostics Scotland)

and ECL reagents following manufacturer’s recommendations (Amersham, PLC).

Microtubule depolymerisation assays
Baculovirus expressed 6His-tagged hamster MCAK (Maney et al., 1998) was

phosphorylated by incubation at 22°C for 90 min in 20 ml of 8mM K-Hepes pH7.7,
65 mM KCI, 40mM Sucrose, 6 mM MgCl12, 4mM K-EGTA, pH 7.7, 60 mM Imidazole,
1 mM DTT, 0.2 mM ATP, 1 uM Microcystin-LR (Sigma), 0.03% Triton X-100 in the
presence of Aurora B complexes precipitated with rabbit a-Aurora B Ab-protein A-

agarose beads (or whole rabbit IgG-protein A-agarose beads as a negative control).
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Microtubule depolymerisation was then performed as described previously (Maney
et al., 2001; Ovechkina et al., 2002). pEGFP-CgMCAK was made by subcldning of
BspE1-HindIII Cricetulus griseus MCAK ¢cDNA into pEGFP-C1 vector (Clontech).
CgMCAK mutants were made by overlapping PCR mutagenesis using PfuTurbo
DNA polymerase (Stratagene) and sequenced. CHO cells were cultured and

transfected as described previously (Maney et al., 2001; Ovechkina et al., 2002).

RNAi
A 21 nt siRNA (AAGAGCCUGUCACCCCAUCUG: Dharmacon Research Inc.,,

U.S.A) corresponding to position +149 --> +169 of the human Aurora B (STK12)
coding sequence was used for Aurora B RNA, depleting Aurora B protein levels by
more than 75% in less than 24 hours. A Lamin A/C siRNA duplex and a scrambled
random siRNA duplex were utilised as controls (Dharmacon Research Inc., US.A).

~ For RNAi, HeLa cells were seeded onto 13 mm coverslips and grown overnight in
medium without antibiotics. Transfection was performed by mixing 60 pmol siRNA
duplex diluted in Opti-MEM (Invitrogen, Inc.) with Oligofectamine reagent
(Invitrogen, Inc.). Coverslips were remoired at intervals between 5 and 48 hours
post-transfection and processed for immunofluorescence. Images for Aurora B
RNAIi and control RNAI cells were aéquired and processed under identical
conditions. For analysis of protein levels, the RNAi treatment was scaled up to 6-

well plate format using 900 pmol siRNA duplexes.
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Figure Legends

Figure 1. Aurora B and MCAK localisation in HeLa cells. (A) A single optical
section from a 3D deconvolved dataset showing a prometaphase HeLa cells stained
for human MCAK, human Aurora B, tubulin and DNA. At this phase of the cell
cycle Aurora B and MCAK show complete co-localisation as shown by line profile
analysis (right panel); (B) Prophase and prometaphase differences in MCAK and
Aurora B localisation. Cells Were stained for ACA (blue), for MCAK (red), Aurora B
(green). Left hand panels show two prophase sister centromeres tightly paired .
Right hand panel shows example of prometaphase sister centromeres slightly
separate with overlapping MCAK and Aurora B staining. (C) A single optical section
from a 3D deconvolved dataset showing a metaphase bioriented chromosomes
under tension. MCAK and Aurora B are largely non-overlapping, with MCAK close
to ACA staining at the centromere/kinetochore and Aurora B remaining
predominantly in the inner-centromere domain. Line profiles (lower panel) show the
spatial separation along the presumed spindle axis. (D) A single optical section from
a 3D deconvolved dataset showing metaphase bioriented chromosomes under
tension. MCAK and Aurora B staining are largely non-overlapping, with MCAK
close to microtubule ends in the vicinity of the kinetochore and Aurora B remaining
predominantly in the inner-centromere domain. Line profiles (lower panel) show the

spatial separation along the spindle axis.

Figure 2. Phosphorylation of MCAK by Aurora B in vitro. (A) Autoradiograph of
SDS-PAGE gel of recombinant full-length hamster MCAK phosphorylated in the

presence of ?P-ATP using active Aurora B immunoprecipitated from Xenopus
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mitotic chromosomal eluate (MCE), inactive Aurora B from Xenopus interphase
chromosomal eluate (ICE), control immunoprecipitations from MCE and ICE or
crude MCE or ICE alone. As a further control, full-length MCAK alone was
incubated in kinase buffer in the presence of P-ATP. (B) Schematic diagram of
MCAK deletion mutants and site-directed mutants used in in vitro phosphorylation
studies, with their microtubule depolymerising activities as measured previously
(Maney et al., 2001; Ovechkina et al., 2002), included for comparison. (C)
Autoradiograph (left hand panel) of SDS gel (right hand) of various recombinant
MCAK mutants (as detailed in (B)), phosphorylated in vitro by mitotic Aurora B
complex. (D) Histogram of *P incorporation into different MCAK mutants

normalised to protein levels.

Figure 3. Phosphorylation site analysis of MCAK. Recombinant hamster MCAK
was phosphorylated with mitotic Aurora B and digested with LysC endoproteinase.
(A) Peptides were separated by reverse-phase HPLC and the three radioactive
peptides peaks isolated. (B) Radiolabelled phosphopeptides were identified by
MALDI-TOF and the position of the phosphorylated residue(s) determined by solid-
phase Edlﬁan sequencing, monitoring release of radioactivity at each cycle. Peptide
#1 was found to comprise of amino acids 90 to 96 plus one phosphate moiety (with a
predicted molecular mass of 928.4573 Da versus a determined molecular mass of
926.4565 Da). Edman degradation of this peptide revealed phosphorylation at Ser 92
of hamster MCAK. Analysis of peptide #2, showed it corresponded to residues 186
to 190 plus one phosphate group (with a predicted moleculér mass of 734.3312
versus a determined molecular mass of 734.33 Da), Edman degradation revealing
phosphorylation at position 1, corresponding to Ser 186 in hamster MCAK. The late

eluting peptide # 3 correspond to a peptide corresponded to amino acids 101 to 138




Andrews et al. 21/5/03; p. 32

plus one phosphate group (with a predicted average molecular mass of 4283.75
versus a determined molecular mass of 4284.59 Da). Cycle-burst analysis coupled
with the mass determination, showed that a mixture of peptides were present with
either the 4% 6% or 10" serines being radiolabelled, corresponding to phosphorylation
of either Ser 106, Ser 108 or Ser 112 in hamster MCAK. (B) Comparision of Aurora B
phosphorylation sites in other known Aurora B substrates in various organisms
shows that the MCAK sites fit well with the known consensus for Aurora B
(Cheeseman et al., 2002). ‘(D) Alignment of Aurora B phosphorylation sites in Kin I
kinesins. Aurora B phosphorylates MCAK at three sites within the N-terminus of
the protein, Serine 92, Serine 106/108/112 and Serine 186. Aligﬁment of MCAK its
orthologues and other Kin I family members reveals a high degree of conservation of
the phosphorylated residues, and a large proportion of the flanking residues. Note
that the alignment of Xenopus XKCM1 with its mammalian orthologues in the

region of Site 2 differs from that previously published (Walczak et al,, 2002).

Figure 4. MCAK phosphorylation depends on Aurora B in vivo. (A) Western blot

showing human MCAK species separated by 2D gel electrophoresis (focussed using
pl 6-pI 11 ampholites), of total cell extracts prepared from nocodazole arrested HeLa
cells. Lower panel shows mobility of MCAK species after dephosphorylation with A-
phosphatase. Upper panel shows mock treated sample. (B) Western blot of total cell
extracts prepared from control RNAi cells and Aurora B RNAi cells separated by 2D
gel electrophoresis and probed with either an anti-human MCAK antibody (top two
panels) or an anti-Aurora B antibody (lower two panels). Aurora B depletion leads

to a shift of MCAK mobility from an acidic pl to a more basic pL.
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Figure 5. Aurora B mediated phosphorylation dramatically inhibits the
microtubule depolymerisation activity of MCAK. MCAK was phosphorylated
either by Aurora B complexes precipitated with rabbit a-Aurora B Ab-protein A-
agarose beads or whole rabbit IgG-protein A-agarose beads as a negative control (A)
or recombinant Ipl1p-Sli15p complex (B). Taxol-stabilized microtubules (1500 nM)
were added to the phosphorylation reactions containing 24 nM MCAK dimers,
incubated for 10 min at RT with in the presence of 1mM ATP, and then analyzed by
sedimentation assay. The numbers are percentages of tubulin released into ﬂ1e
supernatant of the motor-containing reactions. The average of 3 experiments +
standard deviation is shown for each supernatant fraction. In each case, the upper

band on the gel is MCAK and the lower band is tubulin.

Figure 6. Expression of dominant-negative Aurora B (KR) mutant delocalises
centromeric MCAK. Inhibition of Aurora B activity by expression of a kinase-dead
Aurora B (KR) mutant results in loss of MCAK from centromeres, which is not
dependent on MCAK motor activity. CHO cells in the left panels were transfected
with CFP-Aurora B and cells on the right were transfected with CFP-Aurora B (KR).
Microtubules are shown in red, YFP-MCAK or YFP-motorless (ML)-MCAK are
shown in green and DNA is shown in blue.. In all panels, the CFP-Aurora B channel
has been omitted for clarity. Images are maximum intensity projections of

deconvolved 3D data sets.

Figure 7. Aurora B RNAi causes MCAK delocalisation from the inner centromere
and mitotic spindle defects. (A) Cells at 18 hours post-transfection were fixed in
PBS-formaldehyde and stained for Aurora B, MCAK, DNA and tubulin. Top panels

show a control RNAi-treated mitotic cell and bottom panels show Aurora B RNAi-
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treated cells. Images are single optical sections of 3D deconvolved data sets acquired
under identical conditions and scaled identically. (B) Spindle structure is aberrant in
Aurora B RNAI cells. Aurora B depieted cells were stained for Aurora B (not shown),
tubulin (red) and DNA (blue). Maximum-intensity volume projections were
generated from 3D deconvolved data sets. Images show typical spindles for control
cells (left panel) or' Aurora B RNAI cells (right panel) viewed from two different
angles, the lower image is rotated about the X-axis by 90°. (C) Aurora B RNAi
increases density of microtubules at kinetochores. Graph shows average total
fluorescence of kinetochore fibre thickness. Quantitation of total background-
corrected fluorescence in a 9 x 10 pixel box located in the kinetochore zone, in single
Z-sections was performed for approximately 30 spindle fibres from control or
Aurora B RNAI cells. Errors bars indicate SD. The same volume was used in all
measurements, so a change in fluorescence iﬁdicates a change in microtubule
density. (D) Mitotic spindles are signjﬁcariﬂy shorter in Aurora B RNAI cells. Pole-
to-pole distance was measured for from control and Aurora B RNAI cells (N=10
each) and averaged. Error bars indicate SD. (E) Aurora B RNAI causes reduced
centromere tension. Control and Aurora B RNAI cells were fixed and centromeres
stained using the ACA antibody and centromere-centromere distances measured
using the analysis tools in SoftWoRx. Results shown were from 20 different cells
resulting in over 300 centromere pair distances being measured, piotted asa
frequency distribution. The mean + o for these measurements are control RNAi, 1.34
+ 0.60 pm (n=496) and Aurora B RNAi 0.89 + 0.45 um (n=270). Note that this latter
value is significantly higher than that obtained in HeLa cells treated with taxol
(Trinkle-Mulcahy et al., 2003), suggesting that tension is reduced, not eliminated. (F)
Spindle morphology is aberrant in Aurora B RNAi cells. Left panél shows a typical

metaphase cell from a control RNAi experiment stained for tubulin, showing normal
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astral and spindle microtubules. Right panel shows a typical “prometaphase” cell

after Aurora B RNAI stained for tubulin, showing highly elongated microtubules.

Figure 8. Model for the regulation of MCAK by Aurora B in mitosis. We propose a
model for the role of Aurora B in regulating of MCAK activity during biorientation
and throughout the process of chromosome congression. We have adapted this
model from a previous suggestion (Tanaka et al., 2002). First, MCAK is targeted to
the centromere by Aurora B phosphorylation. MCAK activity is inhibited by
Aurora B phosphorylation, thereby increasing the probability that microtubule
capture will result in stable kinetochore-microtubule interactions. After bipolar
attachment initiates, the bioriented sister centromeres are under tension and the
distance between them increases. MCAK is now separated from Aurora B and
closer to PP1. Kinetochore-associated PP1 is known to turn over (Trinkle-Mulcahy et
al,, 2003), so the kinetochore may provide a locally high concentration of PP1 activity
that dephosphorylates MCAK. MCAK activity then increases, causes an increase in

tension across the sister centromeres.
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Table 1. In vivo analysis of MCAK point mutants

Mutant Depolymerisation activity in vivo
FL MCAK (wild type) ++++
S92E +4+++
S92A +4+++
S186E + 4+ 4+
S186A ++++
S106E/S108E/S112E +4++
S106A/S108A/S112A + 4+ +
S92E; S186E + 4+
S92A; S186A + 4+ ++
GFP -

CHO cells transfected with MCAK or MCAK mutants were scored for microtubule
polymer loss (Ovechkina et al., 2002). Complete loss of MTs was scored as + + + +,

40%-50% reduction of MT polymer was scored as + +, while levels of MT polymer

indistinguishable from cells transfected with EGFP control were scored as -.




1800
1600
1400

E 1200
5 1000
800

f

w— Aurora B
manm MCAK
= tubulin

P,

TTTTTTTTTTTT T T T

.........

T T T T I T T T TTeee™

——Aurore B
4000 1 wmmam
——ACAK

Figure 1 Andrews et al




A IP Beads Eluates

IgG IgG AurB AurB MCE ICE -
+ =4 =+ =+ -+ - + -+ MCAK

116 |
98 = MCAK
66 ==

MCE ICE MCE ICE
Depolymerising

motor domain Activity In vitro

’ A182-8583 182 583 PR
A182-Ala-8683 182
A182-K-loop-S853 152

D218-5583 m_ 583 +/-

583 +/-

1253-5683 253 _ 583 +/-

200 =
116 m
o8 ™
66
45 m
31 m
21 m

Phosphorylation (% full length)

& s & & ~ :
F& ¢ ¢ ~ Figure 2 Andrews et al

4,
4 4,0?
9y,




cpm

12500

0 10 20 30 40 50 60 70 80 80 100 110 120 130 140

Peak #1

32P Radioactivity (cpnt}
5

1 2 3
LI I N o K s € v

& T POIE
Detarnined Mass = 926 4585

4

g Acid Wamber

Retention time (min)
Peak #2 Peak #3

102.138 + PO4 = 42683 75 {av)
Detwrmined Mass v 4264 50

Prodicted Mess186-190 + PO = 7343312
Determined Mass = 734 33

IEEREREEEEREREEENS
X QLRARBR ST AMETY V PE
Ao Ackd Number s Ackd Wembet

« 1 8 12 3 & 3 ¢ 71 KB 9

Hamster MCAK 87  KQKRRSVNSKI
101 KEGLRSRSTRM
181 PARRKSCIVKE
Histone H3 5 QTARKSTGGKA
23 KAARKSAPATG
Human CENP-A 2 GPRRRSRKPEA
S.c. Damip 20 TEYRLSIGSAP
257 KLRRKSILHTI
267 HTIRNSIASGA
292 PNNRISLGSGA
Spc34p 199 NQRRKTIFVED
Ndc80p 100 SVSRLSINQLG
Ask1p 200 RKRKISLLLQQ
Peak 1 - Peak3 - )
CgMCAK 77 LPLQENVTVPKQKRRSVNSKIPAPKEQ--c=-r-==ccnman- LRSRSTRMSTVPEVRIATQENEMEVELPV .o
HsMCAK 80 LPLQENVTIQKQKRRSVNSKIPAPRKE8-«-=-cercw=nan= LRSRSTRMSTVSELRITAQENDMEVELPA. .
RnKRP2 26 -- TATAGERNHPKAKTQVRQLONSR8- v cccwmcmmmua KRRPSKRSTRISTVSEVRIPAQENEMEVELPVS. .
X1KCM1 79 MPPQRNVSSQNHKRKTI - SKIPAPKEVAAKN; SLLSESGAQSVLFERSTRMTAIHETLPYENEMEAE-~STPL. .
HeKIF2 52 PABSSAKVNKIVENRRTVASIKNDPPSRDN-«=-cmccna= RVVGSARARPSQFPEQSSSAQONGSVSDISPYV. .
MoKIF2 51 -8888KVNKIVKNRRTVAAVKNDPPPRDN--=-c-cewwx RVVGSARARPSQLPEQSSSAQQNGSVSDISPV. .
MoKIF2b 51 PSS8SSKVNKIVKNRRTVAARAVKNDPPPR~«wwemcwme- DNRVVGSARPSQLPEQSSSAQON- -~ =wwmw= .o
XKIF2 76 PAPTTRKVNRIVKNRRTVAPVKNETPAKDN--=-cw=ux RVAAVGSARARPIQPIEQSASRQONGSVSDISPD. .
Peak 2
CgMCAK 156 ELPLSMVSEEAREQVHPTRSTSSAN----===-= PARRKSCIVKEMEKMKNKREEKRAQ
HsMCAK 159 BIPLRMVSEEMEEQVHSIRGSSSANPV----- NSVRRKSCLVKEVEKMKNKREEKKAQ
RnKRP2 105 ELPLLMISEEAEEQAHSTRSTSSANPG--=-- NSVRRKSCIVKEMEXMRNKREEKRAQ
X1KCM1 158 RSRSTKVSIAEEPRLOTRISEIVEESLPSGRNNQGRRKSNIVKEMEKXMKNKREEQRAQ
HsKIF2 kL R e e E LT L L PSRRXSNCVKEVERLQEKREKRRLQ
MmKIF2 124 crrreccnccccarscs s e s r e — e PSRRKSNCVKEVEKLQEKREKRRLQ
MmKIF2b kL L I el L EE LT L LT R ARRKSNCVKEVEKLQEKREKRRL'Q
XKRIF2 15] -c-cmmecmcmcccnamcammcenamme—aoao ASRRKSNCVKEVEKLQEKRERRRLQ
DmKlpi 0A 180 AAASAGPAAQGVATAATTQGAGG-~-w=wm==== ASTRRSHALKEVERLKENREKRRAR
C£DSK ] R L L L e L MNAANRRKSTSTVGITGRKDATRMKIEQ

Figure 3 Andrews et al




97.4

Mock
treated 66
A PPase 97.4
treated 65
pl 11
pl 6 | pl 11

Control RNAI

MCAK
Aurora B RNAI
Control RNAI

Aurora B

‘Aurora B RNAI

Figure 4 Andrews et al

Wk

-



+

lgGbeads = =+ -
AurB beads + - + -
MCAK <+ + -

spspspsp

12345678

Ipit + - -
sli1ts + - -
MCAK +

8
-

123456

Figure 5 Andrews et al




Transfected with CFP-AuroraB Transfected with CFP-Aurora B(KR)

L3

YFP-MCAK YFP-MCAK

.
. .
LT LA

YR

YFP-ML-MCAK YFP-ML-MCAK

Figure 6. Andrews et al

wh =



Aurora B

Control RNA1 Aurora B RNAI

O
w

-~
y 2
Kt-MT density g 1] Spindle length
E 200 £
; ~ 12
E; 150 E 10
a 8 8
ig 100 2
: H
£ s i
2
o “Control § o N
::rﬂra B RNAJ ‘ Aurora B Control
E . RNAi RNAI
M Control RNAI

B Aurora B RNAI

Frequency (% total)
O = N W ~own L | @

0.00 0.15 0.30 0.45 0.60 0.75 0.90 1.05 1.20 1.35 1.50 1,65 1.80 1.95 2.10 2.25 2.40 2.55 2.70 2.85 3.00
ACA-ACA distance (microns) '

Control RNAi [ Aurora B RNAi

i

Figure-7 Andrews et al




Bipolar Orientation No Yes

Phospo-MCAK 4 |

MCAK Activity | 4
AuroraB MCAK PP1 Microtubule

Figure 8. Andrews et al




